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REMARKS 



Claims 1-11, 13-17, 19-24, 26-28, 35-37, 41, 44, 47, and 50 are pending. Non- 
elected claims 12, 18, 25, 29-32, 34, 39, 42-43, 45, 48, and 51-52 are withdrawn from 
further consideration by the Examiner, and thus have been cancelled without prejudice 
or disclaimer. Claims 1-11, 13-17, 19-24, 26-28, 35-37, 41, 44, 47, and 50 have been 
rejected on various grounds. 

In this response, applicants amend claims 1,4, 10, 11, 16, 21, 28, 35, 36 and 
provided the arguments as set forth below. Reconsideration and allowance are 
requested in view of the amendments and below arguments. 



Page 3, item 5 of the Office Action: Applicants have amended specification 
following the Examiner's suggestion. 

Page 3, item 6 of the Office Action: Applicants add an "abstract of the 
disclosure" as published under WO 97/02454, which does not constitute "a new matter". 

Page 3, items 7 and 8 of the Office Action: Applicants have amended the 
specification to overcome the informalities objection. 



On page 4, item 9 of the Office Action the Examiner has objected to claims 10 
and 36 because of informalities. In response, Applicants amend the claims 10 and 36, 
per Examiners suggestion, to correct typographical errors, and as appropriate. 



Specification 



Claim Objections 
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Written Description R ejec tions 



On pages 4-5, items 10-11 of the Office Action the Examiner has rejected claims 
1-11, 13-17, 19-20, 23, 26-28, 35-37, 41, 44 and 47 under 35 U.S.C 112, first 
paragraph. The Examiner asserts that the specification does not reasonably provide a 
written description of "any soluble derivative of any soluble polypeptide" comprised of 
any of the various elements of the targeting constructs (these membrane binding 
elements will be referred to hereinafter as "sequential membrane addressins or SMAs"). 
Applicants respectfully disagree with the Examiner. 

The USPTO has issued its final guidelines for written description (66 Fed. Reg. 
1099). The written description guidelines first instruct examiners to determine what the 
claim as a whole covers and then review the entire specification to determine whether 
all subject matter that is essential to the invention is actually recited in the claims. See 
written description guidelines at 11(A)(1), (2). Next, the examiners are instructed to 
determine whether the applicant was in possession of all that is claimed. See the 
written description guidelines at 11(A)(3). According to the guidelines, possession of a 
claimed invention can be shown by disclosure of structural characteristics, functional 
characteristics that correlate with structure or combinations thereof. See the written 
description guidelines at 11(A)(3)(a). Claims that encompass a genus must be 
supported by a written description of a representative number of species. See the 
written description guidelines at ll(A)(3)(a)(2). The written description of the 
representative species of the genus can be shown by disclosure of structural 
characteristics, functional characteristics that correlate with structure or combinations 
thereof. Applicants submit that the Examiner has not satisfied these guidelines in 
making the rejection, which alone is grounds for withdrawal of the rejection. 
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in the specification. Applicants point out that the table of therapeutic proteins on page 5 
of the specification lists a selection of "soluble polypeptides" with known therapeutic 
properties. Examples of three of these categories (complement inhibitors, thrombolytics 
and antibodies) can be found in the specification (see Examples 8, 12, 13, and 15, 16, 
17 in the specification). The soluble polypeptides described in these examples cover 
several wide-ranging categories of proteins. 

Applicants submit that it is clear that they had possession of the subject matter 
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correspondence and applicants' identification of this correspondence, a heavy burden is 
placed upon the Examiner to reject the claims. See MPEP § 21 63.04. 



On page 6, items 12-13 of the Office Action the Examiner has rejected claims 1- 
11, 13-17, 19-20, 23, 26-28, 35-37, 41, 44 and 47 under 35 U.S.C 112, second 
paragraph. Applicants respectfully disagree with the Examiner and refers to the 
following: 

For definiteness, a claim need only reasonably apprise those skilled in the art of 
the utilization and scope of the invention. Hybritech, Inc. v. Monoclonal Antibodies, 231 
USPQ 81, 94-95 (1986). Words are to be given their plain meaning as understood by 
the person of ordinary skill in the art, particularly given the limitations ot the English 
language. See MPEP §§ 707.07(g); 2111.01. Claims are to be given their broadest 
reasonable interpretation consistent with applicants' specification. See MPEP § 2111. 
In sum, in order to reject the claims on definiteness grounds, it is incumbent on the 
examiner to show how and why the skilled person having applicants' specification 



Definiteness Rejections 



s 
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would not be apprised of the invention by the language-at-issue. The rejections are 
discussed below. 

The Examiner has rejected claims 1 for using the term "heterologous" in 
conjunction with the phrase "not all identical". Applicants amend claim 1 by deleting 
the phrase "heterologous" to avoid alleged ambiguity. 

The Examiner has rejected claims 1 for using the term "thermodynamic 
additivity". In response, Applicants respectfully disagree with the Examiner and point 
out that "thermodynamic additivity" is well known in the art. Applicants provided 
herewith several related references on "additivity" [see EXHIBIT-1]. Applicants further 
states that the term "thermodynamic additivity" means that if one binding process is 
characterized by a given change in free energy and a second such process has another 
free energy change, then combining these processes in one molecule will result in a 
new binding process characterized by a third free energy which approximates the sum 
of the first two. In terms of dissociation constants, this approximates the product of 
dissociation constants for the separate processes. The additivity referred to is therefore 
the addition of hydrophobic and electrostatic binding free energies which results from 
independent binding processes mediated by the individual binding elements or SMAs 

The Examiner has rejected claim 4 for using the term "for specific membranes". 
In response, Applicants state that the term "for specific membranes" refers to "cell 
membranes" for example, outer cell membranes, of specific cell types (for example, red 
blood cells, endothelial cells, epithelial cells, spermatozoa, fibroblasts etc.), each of 
which has different structural characteristics which may interact differently with 
membrane-binding elements or SMAs. Nevertheless, Applicants have amended the 
claim 
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The Examiner has objected to the use of the term "N-terminus on left" in claims 
"10 and 48", we think the Examiner in fact meant claims "11 and 21", wherein the term 
is recited. Applicant amend the claim deleting the term from the claims. 

The Examiner states that the recitation of the terms "a flexible linker group in 
claim 14" and "linker group" in claim 15 are ambiguous. In response, Applicants 
respectfully disagree and provide the following argument: When a "linker" is used, the 
membrane binding elements would still be linked "covalently". Those skilled in the art 
would understand that elements could be either spaced apart or linked together directly, 
subject to any requirements, and they would have the knowledge to make such basic 
linkers, if desired. Therefore, recitation of the terms "a flexible linker group in claim 14" 
and "linker group" in claim 15 are not ambiguous. Allowance of claims are therefore 
solicited. 

Applicants amend claim 16 to be dependent on claim 15, wherein the term 
"bridging group" is recited. 

Applicants amend the claim 28 as suggested by the Examiner. 

The Examiner has rejected the claim 35 for using the phrase "(optionally C- 
substitutes)". In response the Applicants provide the following arguments: The claim 
refers to a derivative of a fatty acid binding element, for example, a C, n . r , fatty acyl 
derivative of an amino C :M -, alkane thiol, wherein the alkane thiol can be substituted. 
Two examples of such derivatives are mentioned in the specification (see the bridging 
paragraph on pages 16-17 of specification). The second, N-myristoyl L-cysteine is an 
example of a C-substituted fatty acid derivative. Examples of generic derivatives (I) and 
the cysteine derivative (II) are shown in EXHIBIT-2. For further clarity, Applicants 
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Applicants amend claim 36 and made properly dependent on claim 35. 

Applicants further point out that the amended claims are clear and 
understandable with respect to the terms and phrases used. Therefore, withdrawal of 
the rejections is solicited. 



On pages 7-9, items 14-16 of the Office Action, the Examiner has rejected the 
ciaims 1-3, 5-11, 14-15 and 26 and aiieged as being anticipated by Sigai el di. and U.S. 
Patent No. 5,776,689 for reasons recorded by the Examiner in Paper No. 13. 
Applicants respectfully disagree with the Examiner and note that: 

In order to reject a claim under 35 USC § 102, the examiner must demonstrate 
that each and every claim term is contained in a single prior art reference. See Scripps 
Clinic & Research Foundation v. Genentech, Inc., 18 USPQ2d 1001, 1010 (Fed. Cir. 
1991); Hybritech, Inc. v. Monoclonal Antibodies, Inc., 231 USPQ 81, 90 (Fed. Cir. 
1986); see also MPEP § 2131. Claim terms are to be given their plain meaning as 
understood by the person of ordinary skill in the art, particularly given the limitations of 
the English language. See MPEP §§ 707.07(g); 21 1 1 .01 . Claims are to be given their 
broadest reasonable interpretation consistent with applicants' specification. See In re 
Zletz, 13 USPQ2d 1320, 1322 (Fed Cir. 1989) (holding that claims must be interpreted 
as broadly as their terms reasonably allow); MPEP §2111. 

Not only must the claim terms, as reasonably interpreted, be present, an 
allegedly anticipatory reference must enable the person of ordinary skill to practice the 
invention as claimed. Otherwise, the invention cannot be said to have been already 
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U.S.I.T.C., 1 USPQ2d 1241, 1245 (Fed. Cir. 1986); In re Brown, 141 USPQ 245, 249 
(CCPA 1964). 

Applicants provides the following arguments to obviate alleged 35 USC § 102 
rejections: 

(a) Sigal et al. describes the phenomenon of thermodynamic additivity between 
hydrophobic and electrostatic interactions mediated by myristoyl and basic peptide 
residues in the protein Src. Sigal et al. suggested (p. 12255 col 1) that the role of the 
N-terminal basic residues in Src might not be to interact with a specific receptor as had 
been previously suggested but might be to reduce the electrostatic potential at the 
surface of vesicles. Sigal et al. used synthetic peptides to compete for Src binding to 
vesicles but they did not employ such peptides to mediate such binding in soluble 
proteins. There is no teaching in Sigal et al. of any such process of post-translational 
modification or any suggestion of how to achieve it in practice or of its possible utility. 
Applicants point out to note that Src is an intracellular protein which does not normally 
exist in a soluble form outside the cell and that the application of modification with 
myristoylated basic peptides to soluble extracellular proteins or the potential generality 
of such an approach could not be deduced from the data described by Sigal et al. 

Applicants further point out that the Claim 1 of the application relates to 
polypeptide derivatives comprising two or more membrane binding elements that are 
capable of interacting with "components of cellular or artificial membranes exposed to 
extracellular fluids" (emphasis added) e.g., to the external surface of a cell. Sigal et al. 
studied the internal membrane binding of Src. Sigal et al. on page 12253, column 1, 
described the transcription of the internal peptide. On page 12253, column 2, line 3, 
Siaal p/ al described the association of the mvristov! with the interior of the lipid bilayer. 
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peptide. For example, Kaplan et al. (Mol. Cell. Biol. 1990. 10, 1000-1009. Cited as 
reference 6 on page 12257 of Sigal et al.) describe the various internal cellular 
structures that the amino-terminal portions of the Src protein bind (see EXHIBIT-3: 
'abstract' on page 1000 of Kaplan et a/.); Buss et al. (Mol. Cell. Biol. 1984, 4, 2697-2704 
cited as reference 7 on page 12257 of Sigal et al.) state that Src "appears at the 
cytoplasmic face of the plasma membrane" (see EXHIBIT-4). 

Hence, after reading Sigal et al. and the many of the references cited in Sigal et 
a/., it is clear that Src is targeted to internal membranes. There is no incentive to modify 
an extracellular peptide with a membrane targeting motif from Src as this motif clearly 
targets Src to an internal surface and not to the external surface of a cell. 

Therefore Sigal et al. do not anticipate the current invention. 

(b) Karin et al. (the '689 patent) describes a protein recruitment system in which 
a protein-protein interaction is detected by recruitment of an effector protein to an 
intracellular compartment. This is achieved by the use of the protein Sos which is 
capable of translocation to the inner plasma membrane of a cell where it interacts with 
and activates another protein Ras. This translocation is mediated in both Ras and Sos 
by the "myristoyl-electrostatic switch" in which the membrane binding function is 
activated or deactivated by reversible phosphorylation of the basic peptide domain. The 
Ras/Sos interaction can be used to detect interactions between other intracellular 
proteins in solution by expressing fusion proteins involving those other interacting 
agents. Such fusion proteins can be engineered to contain a localization domain 
comprising a myristoylation signal and the basic effector sequence - expression of such 
proteins is dependent on the myristoylation machinery of the cell and is restricted to the 
intracellular compartment The '689 patent does not teach how to obtain fusion or other 
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such constructs, if produced, would bind to the outer cell surface. The '689 patent 
provides for a cellular detection system which yields a method for identifying protein- 
protein interactions; it does not provide for modified proteins of therapeutic utility. 

Although the '689 patent describes a fusion protein consisting of two membrane 
binding elements, like Sigal et a/., again, these are internal binding elements. Even 
with such references there would still be no incentive to add these to an extracellular 
protein to bind this protein to the extracellular membrane. This citation does not 
anticipate the current invention. 

Therefore Sigal et al. and the '689 patent do not anticipate the claimed invention 
of the instant application. Withdrawal of rejections and allowance of claims 1-3, 5-11, 
14-15 and 26 is solicited. 



On pages 9-13, items 17-21 of the Office Action, the Examiner has rejected 
claims 1, 13-17, 19-24, 37, 41, 44, and 50 as obvious over Sigal et al in combination 
with US patent No. 5,472,939; or EP 0207589, or EP 0155387, or US patent No. 
5,326,700; or EP 0152736. In response the Applicants respectfully traverse the 
rejection and refer the arguments of the above paragraphs made in order to obviate the 
alleged §102 rejections. In view of the above argument, the Applicants point out that 
Sigal et al. do not rectify the deficiencies in US patent No. 5,472,939 (the '939 patent); 
or EP 0207589 (the *589 patent), or EP 0155387 (the '387 patent), or US patent No. 
5,326,700 (the 700 patent); or EP 0152736 (the 736 patent). 

At the outset, Applicants note the examiner must show all of the recited claim 
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Obviousness Rejections 
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show by citation to specific evidence in the cited references that (i) there was a 
suggestion to make the combination and (ii) there was a reasonable expectation that 
the combination would succeed. Both the suggestion and reasonable expectation must 
be found within the prior art, and not be gleaned from applicants' disclosure. In re 
Vaeck, 20 USPQ2d 1438, 1442 (Fed. Cir. 1991); In re Dow Chemical Co., 5 USPQ2d 
1529, 1531 (Fed. Cir. 1988); see also MPEP §§ 2142-43. 

When an examiner alleges a prima facie case of obviousness, such an allegation 
can be overcome by showing that (i) there are elements not contained in the references 
or within the general skill in the art, (ii) the combination is improper (for example, there 
is a teaching away or no reasonable expectation of success) and/or (iii) objective indicia 
of patentability exist (for example, unexpected results). See U.S. v. Adams, 383 U.S. 
39, 51-52 (1966); Gillette Co. v. S.C. Johnson & Son, Inc., 16 USPQ2d 1923, 1927 
(Fed. Cir. 1990); Bausch & Lomb, Inc. v. Barnes-Hind/Hydrocun/e, 230 USPQ 416, 
41 9-20 (Fed. Cir. 1 986). Applicants submit that the rejections do not meet this test. 

Applicants further explain that: 

(a) Fearon et ai (the '939 patent) patent described the CR1 gene and protein 
and methods for treating complement-mediated disorders based upon of the use of 
soluble forms of CR1 , which lack the transmembrane domain. The reason for the use of 
soluble complement regulatory proteins is that, unlike the intact CR1 molecule, they can 
be secreted from recombinant host cells in active forms and can be made in bulk as 
pharmaceuticals. While the '939 patent describes the potential use of such 
pharmaceutical preparations in medicine, it certainly does not teach that such materials 
could be modified to restore the ability to bind to membranes (characteristic of native 
CR1 but not the soluble fraaments) or that such membrane binding would have a 
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asserted that it would have been obvious to one of ordinary skill in the art at the time 
invention was made to combine the binding elements identified by Sigal et al. with a 
soluble form of CR1, but the Examiner provides no explanation of motivation. To the 
contrary, at the time the invention was made, there was no evidence that conferring a 
means of binding to the inner membrane leaflet (as described in Sigal et al. ) would be 
of any value for CR1 (which is present on the outer leaflet of cells) and acts on 
extracellular complement activation either there or (as a soluble form) in extracellular 
bulk solution (as described in Fearon et al.). Furthermore, the large increases in 
potency observed when applying the modifications of the present invention were quite 
unexpected. 

(b) Robinson et al. (the '589 patent and the '387 patent), Ferres et al. (the 736 
patent) and Berg et al. (the 700 patent): These patents describe various derivatives 
and analogs of plasminogen activators for use as fibrinolytic agents. The primary 
objective of the modifications employed was either to increase the biological half-life of 
the fibrinolytic agent or, in the case of the 700 patent, to improve the production of one 
such agent (t-PA). The utility of thrombolytic agents as a drug class is emphasised by 
these cases but none of them teach that directing a fibrinolytic agent to a cell 
membrane would be useful in the treatment of thrombosis nor do they suggest a means 
of achieving this end. At the time that the current invention was made, improvements to 
thrombolytic agents were focused on either increasing the plasma half-life or on 
improving the potency and selectivity of these enzymes. It was not obvious that 
attachment of the peptides of Sigal et al. would achieve those objectives and, in fact, 
directing fibrinolytics to cell surfaces in vivo would actually tend to decrease the plasma 
half-life by providing a new clearance pathway. Those skilled in the thrombolysis art 
would therefore not have been motivated to use the membrane-directing modification. 
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A general point about the obviousness and utility of the instant invention should 
also be made. The invention provides a practical means for solving a generic problem 
in biotechnology. Where gene products are stably anchored in cells (as in the case of 
CR1), the only way to exploit the therapeutic potential of their biological activities is to 
overexpress them in secreted truncated forms. Examples of this approach are well 
documented (such as the use of truncated TNF receptors to sequester TNF). However, 
this approach frequently gives a product, which has low biological activity because the 
latter is manifest best in the original structural context of the membrane protein (i.e. in 
the membrane). By providing a means to generate soluble but membrane-binding 
derivatives of such proteins, the present invention allows them to be exploited as drugs. 
This important utility is not anticipated by any of the references cited above. 

Thus, at the time the invention was made, there would have been no 
"reasonable expectation of success," to produce the soluble derivatives of soluble 
polypeptides of the current invention, even while having the knowledge of Sigal et al. 
and in combination with the disclosure of US patent No. 5,472,939; or EP 0207589, or 
EP 0155387, or US patent No. 5,326,700; or EP 0152736. Applicants therefore submit 
that the Examiner has not established a prima facie case of obviousness, and therefore 
respectfully request withdrawal of the rejections. 



In view of the foregoing remarks and amendments, reconsideration of the 
application and allowance of the claims are requested. If any issues remain which the 
Examiner believes could be resolved through a Supplemental Response or an 
Examiner's Amendment, the Examiner is respectfully requested to contact the 
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Respectfully submitted, 



Date: January 28, 2002 

Heller Ehrman White & McAuliffe LLP 
1666 K Street, N.W., Suite 300 
Washington, D.C. 20006-4004 
Telephone: (202)912-2777 
Facsimile: (202)912-2020 
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MARKED-UP AMENDED CLAIMS 



1 . (once amended) A soluble derivative of a soluble polypeptide, said 
derivative comprising two or more [heterologous] membrane binding elements with 
low membrane affinity covalently associated with the polypeptide, which elements are 
not all identical and are capable of interacting, independently and with thermodynamic 
additivity, with components of cellular or artificial membranes exposed to extracellular 
fluids. 

4. (twice amended) A derivative according to claim 1 which incorporates 
sufficient elements with low affinities for membrane components to result in a 0.01- 
10nM dissociation constant affinity for specific cell membranes. 

10. (twice amended) A derivative according to claim 8 wherein a membrane 
binding element is a basic amino acid sequence including (Lys)^ where n is from 3 to 



11. (once amended) A derivative according to claim 10 wherein the amino 
acid sequence is selected from the group consisti ng of: 



10. 



) DGPKKKKKKSPSKSSG 
i) GSSKSPSKKKKKKPGD 



(SEQ ID No. 37), 



ii) SPSNETPKKKKKRFSFKKSSG 



(SEQ ID No. 39), 
(SEQ ID No. 41), 



iv) DGPKKKKKKSPSKSSK 

v) SKDGKKKKKKSKTK 



(SEQ ID No. 43), and 
(SEQ ID No. 45). 
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16. (twice amended) A derivative according to claim [14] 15 wherein the 
chemical bridging groups are of formula (I): 

-A-R-B- (I) 
in which each of A and B, which may be the same or different, represents -CO-, -C(=NH 

2 + )-, maleimido, -S- or a bond and R is a bond or a linking group containing one or 
more -(CH2)-or meta-ortho- or para-disubstituted phenyl units optionally together with a 
hydrophilic portion. 

21. (once amended) A soluble derivative according to claim 20 wherein the 
soluble CR1 polypeptide consists of residues 1-196 of CR1 and with an N-terminal 
methionine and the derivative comprises a myristoyl group and one or more 
polypeptides sequence selected from the group consisting of: 

i) DGPKKKKKKSPSKSSGC, 

ii) GSSKSPSKKKKKKPGDC, 

iii) CDGPKKKKKKSPSKSSK, 
iy) SKDGKKKKKKSKTKC, 

y) CSAAPSSGFRILLLKV, 

vi) AAPSVIGFRILLLKVAGC, and 

vii) UGPSEILRGDFSSC 
[(N-terminus on left)] 

28 (once amended) A polypeptide portion of a derivative according to 
claim 1, wherein [T]the polypeptide is selected from the group consisting of SEQ 
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35. (twice amended) A soluble derivative of a soluble polypeptide according 
to claim 1, wherein at least one membrane binding element with low membrane affinity 
is a C 10 20 fatty acyl derivative of an aminoC 2 . 6 alkane thiol [(optionally C-substituted)], 
wherein the C in alkane thi ol is op tionally s ub stituted . 

36. (once amended) The sol uble deri vative of [A compound according 

to] claim 35 is selected from the group consi sting o f N-(2-myristoyl ) 
aminoethanethiol and N-myristoyl L-cysteine. 
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EXHIBIT -1: 



Ther mody na mic Additivity References : 

Decomposition of the free energy of a system in terms of specific 
interactions. Implications for theoretical and experimental studies. 

J Mol Biol 1994 Jul 8;240(2):167-76 
Mark AE, van Gunsteren WF. 

Department of Physical Chemistry, Swiss Federal Institute of Technology, ETH Zentrum, Zuerich. 

Recently, a number of methods have been proposed that are designed to extract contributions to 
the change in free energy associated with a given perturbation or mutation of a protein originating 
from specific residue-residue or atom-atom interactions, both based on theoretical calculations 
and on experimental data. We caution here that detailed analysis based on these methods is 
unreliable. It is demonstrated, both from first principles using statistical mechanics and by way of 
example, that in a general case a meaningful decomposition of the free energy in terms of specific 
residue-residue or atom-atom interactions is not possible. 

Water molecules participate in proteinase-inhibitor interactions: 
crystal structures of Leu18, Ala18, and Gly18 variants of turkey 
ovomucoid inhibitor third domain complexed with Streptomyces 
griseus proteinase B. 

Protein Sci 1995 Oct;4(10):1985-97: Huang K, Lu W, Anderson S, Laskowski M Jr, James MN. 
Department of Biochemistry, University of Alberta, Edmonton, Canada. 

Crystal structures of the complexes of Streptomyces griseus proteinase B (SGPB) with three P1 
variants of turkey ovomucoid inhibitor third domain (OMTKY3), Leu18, Ala18, and Gly 1 8, have 
been determined and refined to high resolution. Comparisons among these structures and of each 
with native, uncomplexed SGPB reveal that each complex features a unique solvent structure in 
the S1 binding pocket. The number and relative positions of water molecules bound in the S1 
binding pocket vary according to the size of the side chain of the P1 residue. Water molecules in 
the S1 binding pocket of SGPB are redistributed in response to the complex formation, probably 
to optimize hydrogen bonds between the enzyme and the inhibitor. There are extensive water- 



U.S. Serial No. 09/214,913 Attorney Docket No. 37945-0005 



surface area buried in the interface of the corresponding complexes. The resulting constant of 
proportionality is 34.1 cal mol-1 A-2. These structures confirm that the binding of OMTKY3 to the 
preformed S1 pocket in SGPB involves no substantial structural disturbances that commonly 
occur in the site-directed mutagenesis studies of interior residues in other proteins, thus providing 
one of the most reliable assessments of the contribution of the hydrophobic effect to protein- 
complex stability. 



Protein-protein interactions: additivity of the free energies of 
association of amino acid residues. 

J Theor Biol 1985 Sep 7; 1 1 6(1 ):149-59: Horovitz A, Rigbi M. 

Additivity of contributions to the free energies of association of ovomucoid third domain inhibitors 
with elastase, chymotrypsin and subtilisin (Laskowski, 1980; Laskowski et a/., 1981, 1983; Empie 
& Laskowski, 1982) is fully demonstrated by applying the mathematical method of Free and 
Wilson (1964) for calculating the effects of substitutions in a family of drugs. Also demonstrated is 
the ability to predict the activity of third domain sequences. Sensitive regions in the contact area 
of inhibitor and enzyme are mapped, and a sequence is suggested for a new, more powerful and 
selective ovomucoid third domain inhibitor of subtilisin. 



Measures of cooperativity in the binding of ligands to proteins and 
their relation to non-additivity in protein-protein interactions. 

Proc R Soc Lond B Biol Sci 1986 Dec 22;229(1256):315-29: Horovitz A. 

The analogy between cooperativity in the binding of ligands to proteins and non-additivity in 
protein-protein interactions is demonstrated and discussed in terms of the Wong and the Hill 
coefficients. A measure of non-additivity, the interaction constant, is rigorously derived for four 
thermodynamic cycles, involving the binding of small molecules to proteins and protein 
association. It is the reciprocal of the 'defect factor' of Laskowski et a/, in Proteinase inhibitors: 
medical and biological aspects (ed. N. Katunuma et a/.), pp. 55-68 (1983), and its logarithm is the 
Wong measure of cooperativity. These three measures are thus here given a common theoretical 
basis. The Hill coefficient for an asymmetric dimer that binds two different ligands which do not 
compete for the same site, at 50% saturation of each site, is derived It is shown to be a function 
of the interaction constant and of the fraction of protein to which ligand is bound at both sites. 
These relations for protein-ligand interactions are then discussed in the context of non-additivity in 
protein-protein interactions. 
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The proteins encoded by the oncogene \-src and its cellular counterpart c-src (designated generically here as 
pp60 ,nr ) are tightly associated with both plasma membranes and intracellular membranes. This association is 
due in part to the amino-terminal myristylation of pp60 ,rr , but several lines of evidence suggest that 
amtno-terminal portions of the protein itself are also involved. We now report that pp60 inc contains at least 
three domains which, in conjunction with myristylation, are capable of mediating attachment to membranes 
and determining subcellular Ww^lixiiiion. We identified these domains by fusing various portions of pp60*'"' r to 
pyruvate kinase, which is normally a cytoplasmic protein. Amino acids 1 to 14 of ppoO"^ are sufficient to 
mediate both myristylation and the attachment of pyruvate kinase to cytoplasmic granules. In contrast, amino 
acids 38 to 111 mediate association with the plasma membrane and perinuclear membranes, whereas amino 
acids 204 to 259 mediate association primarily with perinuclear membranes. We conclude that pp60*~ contains 
independent domains that target the protein to distinctive subcellular locations and thus may facilitate diverse 
biological functions of the protein. 



The products of the retroviral oncogene \-src and its 
cellular counterpart c-src (designated generically here as 
pp60* rr ) are protein tyrosine kinases that are associated with 
membranes. Association of pp60 ,rc with membranes is es- 
sential for transformation by v-src (19). In various cell types, 
the viral and cellular sre proteins are associated with plasma 
membranes (7, 8, 21, 44), with perinuclear membranes (36), 
with secretory organelles in both chromaffin cells and plate- 
lets (30, 33), and with growth cones in developing neurons 
(27, 41). Little is known about how pp60 src is specifically 
targeted to these subcellular locations. 

The amino terminus of pp60 vrr is covalently coupled to a 
14-carbon fatty acid, myristic acid (4, 39). The myristyl 
moiety promotes the association of pp60 jrr with membranes 
(2, 11). On the other hand, not all myristylated sre proteins 
are associated with membranes (3, 11), and some nonmyri- 
stylated sre proteins are membrane associated, albeit weakly 
(12, 20). These results suggest that pp6(V' r ' contains amino 
acid sequences which, in conjunction with amino-terminal 
myristylation, mediate the association of the protein with 
membranes. 

Previous work has implicated the ammo-terminal 10 kilo- 
daltons (kDa) of pp60 T ' ( in attachment to membranes (22, 
35). Here we report work that dissects the ammo-terminal 
domain into several regions that independently target and 
attach the protein to membranes in distinctive subcellular 
locations. 

MATERIALS AND METHODS 



polylinker sequence), from B. Roberts (16); and a plasmid 
containing the chicken fibroblast c-5rc cDN A, p5H, from H. 
Hanafusa. The E3 sre gene is a deletion mutant which lacks 
the sequence encoding amino acids 8 to 37 of pp60 src , as 
previously described (17). Reagents were obtained as fol- 
lows: protease inhibitors, paraformaldehyde, bovine serum 
albumin (fraction V), and detergents from Sigma Chemical 
Co.; fluorescein-conjugated goat anti-mouse immunoglobu- 
lin G, goat anti-rabbit immunoglobulin G, and normal goat 
serum from the Jackson Immunochemicals Co.; protein A 
conjugated to Sepharose CL-4B from Pharmacia Fine Chem- 
icals; rhodamine-conjugated phalloidin from Molecular 
Probes Inc.; L-[ 35 S]methionine from ICN Radiochemicals; 
[ 3 H)myristic acid, 22.4 Ci/mmoi (50 mCi/ml in dimethyl 
sulfoxide) from Du Pont, NEN Research Products; restric- 
tion enzymes, Escherichia coli DNA polymerase 1, and T4 
DNA ligase from New England BioLabs, Inc.; human serum 
fibronectin from Collaborative Research Inc.; and Gold Seal 
glass cover slips (18 by 18 mm; thickness, 1.5 mm) from 
VWR Scientific. 

Metabolic labeling, immunoprecipitation, and subcellular 
fractionation. COS7 cells were labeled with L-[ 35 S]methio- 
nine for 18 h in Dulbecco modified Eagle medium containing 
10% the normal concentration of L-methionine. 10% dia- 
lyzed fetal calf serum, and 200 fiCi of L-l"S]methionine per 
ml. COS7 cells were labeled with [ 3 H]mynstic acid for 18 h 
in Dulbecco modified Eagle medium with 10% fetal calf 
serum. 1% dimethyl sulfoxide, and 500 p.Ci of [ 3 H]myristic 
acid per ml (5). Labeled cell extracts were prepared with 
'■ . K-ff-r f?n mM Tn^ hydrochloride fpH 8.01. 150 mM 
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FIG. 1. Summary of the membrane association of src-PK proteins. The sequences derived from pp60 Jtrc in all of the jrc-PK proteins are 
depicted. The restriction sites used to create internal deletions of src sequences and to fuse the src sequences to the coding region of PK are 
indicated. Residue numbers correspond to the sequence of pp6Cr"" f encoded by the Prague C strain of Rous sarcoma virus (39). Myristylation 
(Myr) of hybrid proteins, when analyzed, is indicated by +. When src-PK proteins associated with membranes, myristylation was assumed 
[and denoted ( + )] but not tested. Membrane association (MA) of hybrid proteins, as determined by biochemical fractionations, is indicated 
by +. The intracellular distribution of hybrid proteins was determined by immunofluorescence (IF), Association of hybrid proteins with 
plasma membranes (PM), with the cytoplasm (CYT), with perinuclear membranes (PN), or with cytoplasmic granules (G) is indicated. At the 
bottom of the figure the N-ierminal 259 amino acids of pp60" 1 are divided into functional domains. The first 7 amino acids of pp60 J " ( § act 
as a recognition sequence for myristylation. Amino acids 1 to 14 cause association with cytoplasmic granules (G). Ammo acids 38 lo 111 
( i i ) together with the myristylation signal, cause association with both the plasma membrane and perinuclear membranes (PM + PN). 
Amino acids 204 to 259 ( UHS\ ), together with the first 14 amino acids, causes association solely with perinuclear membranes (PN). The mynstyl 
moiety is indicated by the crooked line in the diagram of jrc259PK (top of figure). 



were quantitated by scanning autoradiograms with a Bio 
Rad densitometer. 

Construction of recombinant src-PK genes. The N-terminal 
amino acid sequence of the hybi id .src-PK pi otcius is dei t ved 
from pp60" r (B77 strain of Rous sarcoma virus), whereas the 
C-terminal amino acids arc derived from PK. The jrc-PK 
proteins are designated by the C-terminal boundary of the 
domain of pp60" r that is fused to PK, and in cases in which 
this domain contains internal deletions, the amino acids that 
are lost are indicated in parentheses. Residue numbers 
reported correspond to the sequence of the Prague C strain 
of Rous sarcoma virus (40). The ammo acids derived from 
the chicken Ml PK (residues 120 to 529) are the same in all 
cases (26). The nucleotide sequence encoding PK was derived 



sites used m these constructions are indicated in Fig. 1. The 
Sfu\ site at codon 7 is a restriction polymorphism which was 
created by converting lysine 7 to arginine (17). A simian 
wjus 40 vector expicssing the chicken fibroblast pp60 trr , 
pSV?H. was constructed by replacing the PK cDNA of 
RL142PK10X with the c-src cDNA derived from p5H. 
Further details about the construction of these genes will be 
provided upon request. 

Transfection of recombinant srr-PK genes. COS7 cells were 
exposed for 18 h to calcium phosphate precipitates contain- 
ing 20 u.g of recombinant src-PK DNA and then subjected to 
a 2-min shock with Tns-buffered saline (0.8% NaCl, 0.1% 
glucose, 0.038% KC1, 0.2% Tns hydrochloride, 0.06% Tns 
base. 4 ^ mg of phenol red per liter) containing 25^r dimethyl 
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cutting both genes with restriction endonue leases, repairing 
the ends with E. ccii DNA polymerase 1. and fusing, the 
resulting blunt ends Internal del ct ions of ,tr ( sequences 
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buffered saline [PBS]) for 3 h at 37 (7 m a humidified 
chamber. Transfected COS" cells were seeded onto glass 
co\er slips 2-i h after the transfection had begun. After 8 to 
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FIG. 2. The first 111 amino acids of ppoOc 1 " contain a membrane-anchoring domain COS7 cells were iransfected with plasmids encoding 
native PK (lanes 1 to 3), srclPK (lanes 4 to 6). src259PK (lanes 7 to 9), srrlllPK (lanes 10 to 12), or src204(A8-lll)PK (lanes 13 to 15) as 
described in Materials and Methods. Transfected cells were labeled with L-[ 3<, S]methionine for 12 h. Crude extracts (T; lanes 1, 4, 7, 10, and 
13) were fractionated into cytosol (S; lanes 2, 5. 8. 11. and 14) and a membrane pellet (P; lanes 3, 6, 9, 12, and 15) by differentia] centrifugation. 
Equivalent amounts of each fraction were analyzed by immunoprecipitation with a polyclonal rabbit anti-PK antibody. The positions of 20<K 
97-, 69-, and 45-kDa molecular mass markers are indicated. The src-PK proteins are indicated by the arrowheads. 



permeabilized with 0.1% Tnton X-100 in PBS, and cover 
slips were coated with 10% normal goat serum in PBS to 
block nonspecific binding sites. Primary antibodies used 
were monoclonal anti-pp60" c 327 (10 (xg/ml in PBS) and 
polyclonal rabbit anti-PK (1/200 dilution In PBS). Fluores- 
cein-conjugated antibodies were used at a dilution of 1/200 in 
PBS. Rhodamine-conjugated phalloidin was used as recom- 
mended by the manufacturer. Stained cover slips were 
washed several times with PBS and then with absolute 
ethanol and were embedded in glycerol containing 2% propyl 
gallate, an antibleaching reagent. Microscopy was done with 
either a Zeiss Photomicroscope III or an inverted Olympus 
fluorescence microscope. Oils were photographed with 
Kodak Tri-X film at ASA 200. In general. Tto 5% of the 
transfected COS? cells gave a fluorescent signal following 
this procedure: this signal presumably corresponds to the 
fraction of cells that took up the DNA. The surrounding 
nonfluorescent cells acted as an interna! control for the 
specificity of the antibodies used. 

RESULTS 

To test the role of N-terminal amino acid sequences of 
pp60 ,rf in association with membranes and in subcellular 
localization, wc constructed a set of genes encoding hybrid 
src-PK proteins (Fig. 1). Since mynstylation is normally 



srrfPK, which encodes a myristylated protein (see Fig. 6). If 
myristylation is a sufficient cause of membrane association, 
the srcJPK protein should attach to membranes. 

Cells expressing either the native PK protein or the 
srclPK protein were fractionated into soluble and membrane 
fractions, and these fractions were assayed for PK proteins 
(Fig. 2). Virtually all of the native PK protein (Fig. 2, lanes 
1 to 3) and the stc7PK protein (Fig. 2, lanes 4 to 6) was 
recovered in the soluble fraction (Fig. 2, lane 2 and 5, 
respectively), indicating that a second domain of pp60 J4rr is 
required in conjunction with myristylation to cause mem- 
brane association. 

The gels illustrated in Fig. 2 contained variable amounts of 
proteins that appeared ancillary to the specific products of 
the transfected DN As (marked by arrowheads). We do not 
know the identities of these ancillary proteins, but they were 
present in all specimens, including cells that had not been 
transfected. We therefore attribute them to nonspecific 
immunoprecipitation. 

Anchoring PK to membranes with a domain from pp6(f rc . 
Since previous reports had implicated N-terminal sequences 
in pp60 v w< as membrane-anchoring domains (9, 12, 19, 22, 
34), we fused sequences encoding the first 259 amino acids of 
the protein to the coding sequences of PK. creating a hybrid 
gene called src259PK. Cells expressing the .vrc259PK protein 
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FIG. 3. Influence of myristyiation of subcellular localization. 
COS7 cells were transfected with plasmids encoding either the 
src259PK protein (lanes 1 to 3) or the N7-259PK protein (lanes 4 to 
6). Transfected cells were labeled with L-[ 35 S]methionme for 12 h. 
Crude extracts (T; lanes 1 and 4} were fractionated into cytosol (S; 
lanes 2 and 5) and a membrane pellet (P; lanes 3 and 6) by differential 
centrifugation. Equivalent amounts of each fraction were analyzed 
by immunoprecipitation with a polyclonal rabbit anti-PK antibody. 
The src259PK protein is indicated by the arrow. The positions of 97- 
and 69-kDa molecular size markers are indicated. 



259 amino acids of pp60' r( , we tested whether the 5rc259PK 
and pp60"*' r proteins associate with membranes in a similar 
manner. We first asked whether myristyiation is required for 
the association of 5rc259PK with membranes. Replacement 
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of lysine 7 with an asparagine largely abolishes myristylaiion 
of pp60' rt (17). Therefore, we convened lysine 7 to aspara- 
gine in src 259PK and evaluated the subcellular distribution 
of the mutant protein (Fig. 3, lanes 4 to 6). The protein 
(designated N7-259PK) was found predominantly (ca. 879?) 
in the soluble fraction of cells (Fig. 3. lane 5). implying that 
the membrane association of src259PK. like that of pp60"< 
itself, requires N-lerminal myristyiation. 

A second hallmark of the association of pp60 % " with 
membranes is that, like other peripheral membrane proteins, 
ppbO sr< can be removed from membranes by alkaline extrac- 
tions (Fig. 4, lanes 4 and 5). Similarly, the src259PK protein 
is extracted from membranes following extraction with base 
(Fig. 4, lanes 9 and 10). On the other hand, neither pp60'" 
(Fig. 4, lanes 2 and 3) nor s/x259PK (Fig. 4, lanes 6 to 8) is 
efficiently extracted from membranes by 0.3 M NaCl. We 
conclude that by several criteria, src259PK and pp60 Jrc 
appear to associate with membranes in a similar manner. 

The firs! Ill amino ariric of the trr protein are sufficient for 
membrane association. Previous work indicated that the 
N-terminal 10 kDa of pp60 sr< is required to anchor the 
protein to membranes (22, 34). To better define the respon- 
sible amino acid sequences, we fused the coding region of 
PK to sequences encoding each of the following domains: 
the first 204 amino acids of pp6(f rt (5rc204PK); the first 111 
amino acids of pp60 jr< (srclllPK); and the first 204 amino 
acids of pp60 vr * , from which residues 8 to 111 were deleted 
[.yrc204(A8-lll)PKJ. Cells expressing these proteins were 
fractionated as described above (Fig. 2). 

Although 75% of the jrc204(A8-lll)PK protein was recov- 
ered in the cytosol (Fig. 2, lanes 13 to 15), most of the 
src204PK protein (not shown in Fig. 2, but see Fig. 4, lanes 
11 to 15) and ca. 65% of the srclllPK protein (Fig. 2, lanes 
10 to 12) were recovered with the membrane pellet (Fig. 2, 
lanes 10 to 12). The proteins encoded by both jrc204PK (Fig. 
4, lanes 11 to 15) and ^rrlllPK (Fig. 4, lanes 16 to 20) 
associated with membranes in a manner similar to pp60 jrr . 
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FIG. 5. The first 111 ammo acids of pp60^ r contain at least two membrane-anchoring domains. COS! cells were transfected with plasmids 
encoding the jrclllPK (lanes 1 to 3), the srd4PK (lanes 4 to 6), the src54PK (lanes 7 to 9), the jrclll(A8-37)PK (lanes 10 to 12), the 
jrclll(A15-54)PK (lanes 13 to 15), or the src259(A14-203)PK (lanes 16 to 18) proteins. Transfected cells were labeled with i_-[ 35 S)methionine 
for 12 h. Crude extracts (T; lanes 1, 4, 7, 10, 13, and 16) were fractionated into cytosol (S; lanes 2, 5, 8, 11, 14, and 17) and a membrane pellet 
(P; lanes 3, 6, 9, 12, 15, and 18) by differential centrifugation. Equivalent amounts of each fraction were analyzed by immunoprecipitation with 
a polyclonal rabbit anti-PK antibody. The src-PK proteins are indicated by the arrowheads. Note that the jrcl4PK protein migrates slightly 
farther than a background protein, which prevented quantitation of the membrane association of srcl4PK. 



because they were extracted only partially from membranes 
by 0.3 M NaCl, but were extracted quantitatively by base. 

We conclude that the first 111 amino acids of pp60 5 ' c are 
sufficient to cause association with membranes and that the 
association is similar to that found with native pp60 jrc . By 
contrast, amino acids 111 to 204, together with N-terminal 
myristylation, permit only limited association with mem- 
branes. 

The first 111 amino acids of the src protein contain at least 
two independent membrane-anchoring domains. The domain 
represented by the first 111 amino acids of pp60 v,t was 
divided into several segments, and the sequences encoding 
these segments were fused to the coding region of PK. The 
association of these hybrid proteins with membranes was 
analyzed by biochemical fractionation as described above. 

(i) The first 14 amino acids of the src protein contain a 
membrane-anchoring domain, ll was previously shown that 
fusing the first 14 amino acids of pp60 ,rt to any one of several 
other proteins causes these proteins to associate with mem- 
branes in crude biochemical fractionations (1, 31, 32). This 
result was confirmed by fusing sequences encoding the first 
14 ammo acids of ppbO' rr to the PK-encoding region, creat- 
ing 5rrl4PK. An appreciable fraction of the src 14PK protein 
was recovered with the membrane pellet after subcellular 
fractionation (Fig. 5, lanes 4 to 6), although precise quanti- 
tation was prohibited by the presence of a nearly comigrating 
protein. 

Other hybrid proteins that contained the first 14 amino 



indicated that portions of pp60* rr outside the first 14 amino 
acids contribute to membrane attachment. First, removal of 
more than 8 kDa from the amino terminus of pp60* rc failed to 
detach the protein from membranes (22). Second, the protein 
encoded by the deletion mutant E3 src, which lacks amino 
acids 8 to 37, attaches to membranes (17). 

We sought and identified a second membrane-anchoring 
domain by fusing the sequence encoding the first 81 amino 
acids of the E3 src protein to the coding region of PK, 
creating the srrlll(A&-37)PK gene. Most (66%) of the 
5rclll(A8-37)PK protein (Fig. 5, lanes 10 to 12) was recov- 
ered with the membrane pellet (Fig. 5, lane 12) following 
subcellular fractionation. This implies that amino acids 38 to 
111 of pp60 jrc also contain a membrane-anchoring domain. 

Failure of chimeric proteins to bind membranes cannot be 
attributed to poor myristylation. An alternative explanation 
for the behavior of the cytoplasmic srtfPK protein and the 
membrane-associated src259PK and srclAPK proteins is that 
they differ not by the presence of a membrane-anchoring 
domain, but rather in the stoichiometry of mynstylation. If 
the association of pp60' rf with membranes were mediated 
solely by the mynstyl moiety, only the myristylated mole- 
cules would associate with membranes. This possibility was 
tested by comparing the stoichiometry of mynstylation of 
the jrr7PK (Fig. 6, lanes 2 and 5), the ^rr!4PK (Fig. 6, lanes 
3 and 6), and the .vrr259PK (Fig. 6, lanes 1 and 4) proteins. 
Cells expressing these proteins were labeled with either 
i -f" Slmcthionine (lanes 1 to 31 or [*H]mvristic acid Manes 4 
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FIG. 6. The stoichiometrics of myristylation of the src259PK, 
the 5rc7PK, and the srcl4PK proteins are similar. COS7 cells were 
transfected with plasmids encoding the $rc259PK (lanes 1 and 4), the 
srclPK (lanes 2 and 5), or the srclAPK (lanes 3 and 6) proteins. 
Transfected cells were labeled with either L-[ 35 S)methionine (lanes 1 
to 3) or [ 3 H]myristic acid (lanes 4 to 6) for 12 h. Labeled cells were 
solubilized with lysis buffer, and PK proteins were immunoprecip- 
itated with a polyclonal anti-PK antibody. The positions of 97-, 69-, 
and 45-kDa molecular mass markers are indicated. The PK proteins 
are indicated by the arrows. Stoichiometrics mentioned in Re- 
SMlts were calculated as follows, by using data from densitometry: 
(myr-x/myr-jrc259) 
(^S-x/ 3 ' s S-.Trr259) 



would be expected to be membrane associated, whereas 
only 3% was observed. 

We also analyzed the membrane association of myristy- 
lated proteins. It the only relevant difference between the 
cytoplasmic srclFK and .v/t204( 11 )PK proteins, on the 
one hand, and the membrane -associated src2^9PK and 
5rrl4PK proteins, on the other, were the proportion of the 
molecules that are myristylated, all of the mynstylated 
molecules would be membrane associated. Cells expressing 
these proteins were labeled with [ ? H]myristic acid and 
subsequently divided into membrane and cytosol fractions. 
Virtually all of the myristate-labeled srdPK protein was 
recovered in the cytoplasmic fraction, whereas most of the 
mvri Mate -labeled vm ?sQpK pro! em and the vr? 14PK protein 
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cells. pp60"" may be associated with a variety of subcellular 
compartments, including plasma membranes (typically at 
sites of focal adhesion), perinuclear membranes, and secre- 
tory granules. Therefore, we used immunofluorescence to 
characterize the intracellular distribution of src-PK proteins. 

(i) pp60 src associates with plasma membranes, perinuclear 
membranes, and cytoplasmic granules in transfected COS7 
cells. The distribution of pp60 jrr in COS7 cells following 
iransfection with a plasmid containing the c-5rc gene was 
determined by immunofluorescence. The intracellular distri- 
bution of pp60^ ri in COS7 cells appeared to be a composite 
of three subcellular locations: plasma membranes, perinu- 
clear membranes, and cytoplasmic granules (Fig. 7A). 

(ii) The PK protein, the src7PK protein, and the src204(A8- 
11I)PK protein are cytoplasmic. The intracellular distribution 
of the PK and hybrid proteins was analyzed by staining fixed 
cells with a polyclonal anti-PK antibody. The PK and 
srclPK proteins had a distribution representing the cyto- 
plasm (Fig. 7B and C): the margins of cells expressing these 
proteins were poorly visualized after staining with anti-PK 
antibody, and the intensity of the staining was proportional 
to the thickness of the cell (i.e., to the volume of underlying 
cytoplasm). The src204(A&-lll)PK protein appeared to be 
equally distributed between the plasma membrane and the 
cytoplasm (Fig. 7G). These results confirm our interpreta- 
tion of the biochemical fractionations described above. 

(iii) Most of the membrane -associated src-PK proteins have 
an intracellular distribution similar to pp6(f rc . The s/x259PK 
protein (Fig. 7D), the ,yrc204PK protein (Fig. 7E), the 
srclllPK protein (Fig. 7F), the jrclll(A8-37)PK protein 
(Fig. 7H), the src54PK protein (Fig. 71), and the srclll(A15- 
54)PK protein (Fig. 7J) had a distribution similar to that of 
pp60 irr itself. Often cells expressing src-PK proteins that 
associate with the plasma membrane appeared to have a 
filamentous component to the fluorescent signal (for exam- 
ple, see Fig. 7E). The filamentous structures also contained 
actin, as demonstrated by staining with rhodamine-conju- 
gated phalloidin, an actin-specific stain (data not shown). We 
do not know the nature of these filamentous structures, but 
they conceivably could correspond to sites of adhesion. 

Civ) The src259(A14-203)PK protein associates specifically 
with perinuclear membranes. Interestingly, the 5rc259(A14- 
203 )PK protein associated primarily with perinuclear mem- 
branes (Fig. 7K). Since the distribution of the jrr259(A14— 
203)PK and the ,vrr!4PK (see below) proteins were different, 
we conclude that amino acids 204 to 259 contain a domain 
that preferentially targets proteins to perinuclear mem- 
branes. 

(v ) The .vrcl4PK protein associates with cytoplasmic gran- 
ules. Cells expressing the 5rcl4PK protein had a punctate 
pattern of cytoplasmic fluorescence after staining with anti- 
PK antibody (Fig. 7L). These fluorescent spots had an 
apparent diameter of 0.2 p~m and were uniformly distributed 
throughout the cytoplasm. We suspect that this distribution 
corresponds to a membranous organelle, rather than a large 
proteinaceous complex, because the .wrl4PK protein does 
not sediment rapidlv after dissolution of membranes with 1^ 
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src-PK proteins lhat contain amino acids 1 to 14 were also 
found in cytoplasmic granules, proteins that contain addi- 
tional portions of pp60 ir< associated with other membranes 
as well. For example, both the .vrc54PK protein (Fig. 71} and 
the jrrlll(M5-54)PK protein (Fig. 7J) associated with the 
plasma membrane and perinuclear membranes, in addition 
to cytoplasmic granules. Because the distribution of these 
proteins differs from 5rrl4PK. amino acids 15 to 54 and 55 to 
111 must contain additional sorting information. These re- 
sults imply that multiple domains of pp60 v " can affect the 
intracellular distribution of a protein. 

DISCUSSION 

Several lines of evidence suggest that the association of 
pp60 jrt with membranes is mediated in part by interaction 
between pp60*"' and one or more membrane proteins. First, 
pp60 Arr is found in diverse subcellular locations that vary 
from one type of cell to another. Th^s^ locations include the 
plasma membrane in fibroblasts (8, 21, 44). particularly focal 
contacts (37); perinuclear membranes in fibroblasts (36); 
cytoplasmic granules in platelets (33) and chromaffin cells 
(30); and growth comes in neurons (27, 41). These specific- 
ities suggest that pp60 Ar< interacts with other proteins in the 
various locations. Second, reconstitution of purified pp60 J " 
into lipid vesicles in vitro requires the addition of membrane 
proteins (34), and the binding of pp60 jrt to membranes 
utilizes at least one protein receptor that is both specific and 
saturable (35). Third, the protein tyrosine kinase encoded by 
Ick associates with two transmembrane glycoproteins, the 
CD4 and CD8 antigens of T lymphocytes (38, 42), and the 
catalytic activity of Ick can be modulated by cross-linking 
the CD4 antigen (43). Since the Ick protein is closely related 
to pp60 ,rc , it seems likely that the latter also interacts 
specifically with membrane proteins and that the interaction 
may help govern the activity of pp60" f . 

If the attachment of pp60*" to membranes resembles that 
of the Ick protein, the following predictions should be borne 
out: (i) pp60* r£ should behave like a peripheral membrane 
protein in schemes for solubilization; (ii) myristylation 
should not be sufficient for the association of pp60 w ' with 
membranes; (iii) specific domains of pp60 r,( should mediate 
its association with membranes; and (iv) these membrane- 
anchoring domains will target pp60*" to specific subcellular 
locations. The work reported here fulfills each of these 
predictions. 

We acknowledge one caveat. Our work was performed 
with chimeric proteins formed between portions of pp60" f 
and the cytosolic protein PK. We cannot presently refute the 
possibility that the conformation (or other features) of these 
chimeras has influenced The outcome of our experiments in 
ways that are artifactual. It is reassuring, however, that the 
chimera src259PK (which contains all of the membrane- 
targeting domains that we have defined within pp6CT" ) 
distributes within cells in a manner identical to that of 
Pp60 Trc itself. In addition, the conclusions reached here are 



have shown that pp60 s " is a peripheral membrane protein, 
because it can be extracted from membrane vesicles with 
alkali. Similarly, hybrid j/r-PK proteins that are associated 
with membranes are also extracted with alkali. Perhaps 
extraction from membranes with alkali will be a general 
feature of myristylaied proteins associated with membranes. 

The role of myristylation in the membrane association of 
pp60* rr . Myristylation is neither necessary nor sufficient for 
the association of pp60 v " with membranes. Several forms of 
pp6(T" are myristylaied yet cytoplasmic (3, 11, 29). Con- 
versely, nonmynstylated forms of pp60 5r * have been de- 
scribed which still associate with membranes (12, 20, 22). 
Our results provide further support for the notion that the 
myristyl moiety is not sufficient for the association of pp60 jrf 
with membranes: the myristylaied proteins srclPK and 
5rc204(A8-lll)PK are cytoplasmic when analyzed by either 
biochemical fractionation or immunofluorescence 'see Fig. 1 
for a summary). 

What, then, is the role of myristylation in the attachment 
of pp60 5,< to membranes? First, the modification may in- 
crease the affinity of the protein for membranes: forms of 
pp60 src that lack myristylation but are nevertheless found on 
membranes can be solubilized by ionic strength alone. 
Second, myristylation may initiate the binding of pp60 Jrc to 
membranes: typically, nonmyristylated forms of pp60 Jrc 
never attach to membranes. The full association °>f pp60 irc 
with membranes requires one or more portions of the protein 
itself, however, and once the association is established, it 
may be independent of myristylation: cleavage of mem- 
brane-bound pp60" f with protease removes 8 kDa from the 
amino terminus, yet fails to disrupt the association of the 
remainder of the protein with the membranes (22). 

Membrane-anchoring domains target molecules to distinct 
subcellular locations. Previous reports have demonstrated 
that pp6(r vr< is found in plasma membranes, perinuclear 
membranes, and cytoplasmic granules. The results reported 
here are unusual in that pp60 jr * is found in all of these 
locations in a single type of cell, a circumstance lhat we 
cannot presently explain but that might be due either to the 
use of COS7 cells or to the exceptional abundance of pp60 jrr 
produced in the cells (10- to 20-fold more than found in cells 
transformed by Rous sarcoma virus [data not shown]). 
Whatever its cause, this circumstance allowed us to demon- 
strate that distinctive domains of pp60 W( are required for 
targeting the protein to each subcellular location. 

Amino acids 1 to 14 of pp60 wr cause p>roteins to associate 
primarily with cytoplasmic granules in COS7 cells. Perhaps 
these amino acids specifically target pp60 ,r ' to granules in 
chromaffin cells and platelets as well. Ammo acids 38 to 111 
cause proteins to associate with both plasma membranes and 
perinuclear membranes. We suspect that these amino acids 
make up multiple membrane-anchoring domains, because in 
conjunction with amino acids 1 to 14, either amino acids 15 
to 54 or amino acids 55 to 111 are sufficient to cause 
association with plasma membranes, perinuclear mem- 
branes, and cytoplasmic granules. Amino acids 204 to 259, 
• '..-'Vv" wjrb amino •'. : 1 1 to 14 oauve a r'^rin to 
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target proteins specifically to the membranes of cytoplasmic 
granules. Within and close to this domain are sennc residues 
that are known to be phosphoryiated by cellular kinases: 
senne 12 by kinase C (13, 14) and serine 17 by the cyclic 
AMP-dependent protein kinase (6, 10. 18). Perhaps phos- 
phorylation of these sites helps regulate the subcellular 
location of pp60*" . There is precedent for this speculation in 
the finding that phosphorylation of the epidermal growth 
factor receptor by kinase C causes internalization of recep- 
tor molecules (24). 

The viral and cellular sre proteins differ in their amino acid 
sequence, including regions used here in chimeras. Since the 
chimeras contained sequences derived only from viral sre, 
the conclusions that we have reached regarding the targeting 
of sre protein to membranous compartments apply rigor- 
ously only to the viral version of the protein. Alternative 
splicing in neurons results in the synthesis of a novel form of 
pp60 vrr (pp6CT) (23. 28). Perhaps the localization of pp6(T in 
nrtirons to growth cones is in part due to these structural 
alterations. 

Where within the cell is the transforming activity of pp60 Irr 
effected? Transformation by the viral version of pp60 %r< 
requires that the protein be associated with membranes (see 
reference 19 for a review), presumably because the crucial 
substrates of pp60* rr are also membrane associated. Since 
pp60 Trr is capable of associating with various membranes, it 
is not clear whether transformation results from the activity 
of pp60 jrf at a single or at multiple subcellular locations. 

Surprisingly, many of the mutant sre proteins with dele- 
tions that begin at codon 15 retain transforming activity. 
None of these proteins has been analyzed by immunofluo- 
rescence. Our results indicate that these transforming sre 
proteins would associate primarily with perinuclear mem- 
branes and cytoplasmic granules. 

No mutant allele of sre has been described in which all of 
the membrane-anchoring domains have been deleted. In 
most of the available mutants, the encoded proteins retain 
the first 14 amino acids of pp60* rr ; among these mutant 
proteins, only the product of the NY18-3 allele is not 
associated with membranes (11). The NY18-3 sre gene lacks 
only the sequences that normally encode amino acids 169 to 
264, yet it encodes a myristylated protein that is located in 
the cytoplasm. Our results do not explain these properties 
Perhaps the conformation of this protein precludes associa- 
tion with membranes. 

A C K N < ) W LEI >G M ENTS 

We thank J Brugge. B Rohcrts. and H Hanafusa for generously 
providing reagents. J . M . K . 1 hanks Kai hleen We si on and David 
Morgan for their critical (and oflen helpful) comments and Lynn 
Yogel for assistance m preparing the manuscript. 

The work reported here was supported by Public Health Service 
grants CA 39832 (to H.E.V.) and CA 44 3 38 (to J.M.B.) from the 
National Institutes of Health and by funds from the George Williams 
Hooper Research Foundation do J M B ) J M K was a Fellou of 
the Universitv of California Medical Scientist Training Program. 



is attached to the transforming protein of Rous sarcoma virus 
during or immediately after synthesis and is present m both 
soluble and membrane-bound forms of the protein Mol Cell 
Biol. 4:2697-2704. 

4. Buss, J. E., and B. M. Seflon. 1984. Mynstic acid, a rare fait > 
acid, is the lipid attached to the transforming protein of Rous 
sarcoma virus and us cellular homolog. J. Virol. 53:7-12. 

5. Chow, M., J. E. Newman, D. FUman, J. M. Hogle, D. J, 
Rowlans, and F. Brown, 1987. Myristylation of picorna virus 
capsid protein VP4 and its structural significance. Naiure (Lon- 
don) 327:482^186. 

6. Collett, M. S., E. Erikson, and R. L. Erikson. 1979. Structural 
analysis of the avian sarcoma virus transforming protein: sites 
of phophorylation. J. Virol. 29:770-781. 

7. Courtneidge, S. A., and J. M. Bishop. 1982. Transit of pp60 ,rf lo 
the plasma membrane. Proc. Natl. Acad. Sci. USA 79:7117- 
7121. 

8. Courtneidge, S. A., A, D. Levinson, and J. M. Bishop. 1980. The 
protein encoded by the transforming gene of avian sarcoma 
virus (pp60 irr ) and a homologous protein in normal cells 
(pp60 p,o,CH * rr ) are associated with the plasma membrane. Proc. 
Nail. Acad. Sci. USA 77:378^-3787. 

9. Cross, F. R., E. A. Garber, D. Pellman, and H. Hanafusa. 1984 
A short sequence in the p60 ,r( N terminus is required for p60 rrr 
myristylation and membrane association and for cell transfor- 
mation. Mot. Cell. Biol. 4:1834-1842. 

10. Cross, F. R., and H. Hanafusa. 1983. Local mutagenesis of Rous 
sarcoma virus: the major sites of tyrosine and serine phosphor- 
ylation for pp60 4 " are dispensable for transformation. Cell 
34:597-607. 

11 Garber, E. A., F. R. Cross, and H. Hanafusa. 1985. Processing 
of p60 V i " to its myristylated membrane-bound form. Mol. Cell. 
Biol. 5:2781-2788. 

12. Garber, E. A_ r and H. Hanafusa- 1987. NH : -terminal sequences 
of two sre proteins that cause aberrant transformation. Proc. 
Natl. Acad. Sci. USA 84:80-85. 

13. Gentry, L. E., K. E. Chaffin, M. Shoyab, and A. F. Purchio. 
1986. Novel serine phosphorylation of pp60 c '* rr in intact cell- 
after tumor promoter treatment. Mol. Cell. Biol. 6:735-738. 

14. Gould, K. L., J. R. Woodgett, J. A. Cooper. J. E. Buss, D. 
Shallowav, and T. Hunter. 1985. Protein kinase C phosphory- 
lates pp60 trr at a novel site. Cell 42:849-857. 

15 Graham, F. L., and A. J. van der Eb. 1973. A new technique for 
the assav of infectivity of human adenovirus 5 DNA. Virology 
52:456-^67. 

16. Kalderon, I)., B. L. Roberts, W. D. Richardson, and A. E. Smith. 

1984. A short amino sequence able to specify nuclear location. 
Cell 39:499-509. 

17 Kaplan. J. M.. G. Mardon, J. M. Bishop, and H. E. Varmu' 

1988. The first seven ammo acids encoded by the \-src once 
gene act as a myristylation signal: lysine-7 is a critical detcrmi 
nant. Mol Cell.' Biol 8:2435-2441. 
18. Karess, R. E., and H. Hanafusa. 1981 Viral and cellular ,wy 
penes contribute to the structure of recovered avian sarcoma 
virus transforming protein. Cell 24:155-164. 

19 Knieger. J. G., E. A. Garber, and A. R. Goldberg. 1983 
Subcellular localization of pp60 ,rf in RSV transformed cells. 
Curr Top Microbiol. Immunol. 107:51-124. 

20 Krueger. J. G.. E. A. Garber, A. R. Goldberg, and H. Hanafusa. 
1982. Changes in ammo-terminal sequences of pp60 ,,r lead i« 
decreased membrane association and decreased in vivo turm 
igemcity. Cell 28:889^896 

Krueeer I C, , F Wane *nd A R Goldbfrc. 1980 Fv»dence 



: Buss, J. E.. M. P. Ramps. K. Gould, and B . M . Sefton. 1 l *Sf . The 
absence of nivnsti. acid decrease 1 - membrane binding of pM.) 1 " 
but does not affect tvrosme protein kinase arhvi!\ J Yuol 
232:4**8-474 



7S:;(,:4-U,>-. 

I,cv\, J. B . 1 . Horai. L.-H. Wang, and J. S Brugge. V* Th 

structural^ distinct form of pp60'"" delected in neuumal c e 1 



Vol. 10, 1990 MEMBRANE ATTACHMENT OF sre PROTEIN 1009 



24. Lin, C. R-, W. S. Chen, C. S. Lazar, C D. Carpenter, G- N. Gill, 
R. M. Evans, and M. G. Rosenfeld. 1986 Protein kinase C 
phosphorylation at Thr 654 of the unoccupied EGF receptor and 
EGF binding regulate functional receptor loss by independent 
mechanisms. Cell 44:839-^45. 

25 Lipsich, L. A., A. J. Lewis, and J. S. Brugge. 1983 Isolation of 
monoclonal antibodies that recognize the transforming proteins 
of avian sarcoma viruses. J. Virol. 48:352-360. 

26. Lonberg, N., and W. Gilbert. 1983. Primary structure of chicken 
pyruvate kinase mRNA. Proc. Nat! Acad Set USA 80:3661- 
3665. 

27 Maness, P. F., M. Aubry , C. G. Shores, L- Frame, and K. H. 
Pfenninger. 1988. c-jrrc gene product in developing rat brain is 
enriched in nerve growth cone membranes. Proc. Natl. Acad. 
Sci. USA 85:5001-5006. 

28. Martinez, R., B. Mathey-Prevot, A. Bernards, and D. Baltimore. 
1987. Neuronal pp60 c "* rr contains a six-amino acid insertion 
relative to its non-neuronal counterpart. Science 237:411-415. 

29. Olson, E. N„ D. A. TowJer, and L. Glaser. 1985. Specificity of 
fatty acid acylation of cellular proteins. J. Biol. Chem. 260: 
3784-3790. 

30. Parsons, S. j., and C. E. Creuiz. I9S6. p60 c " r activity detected 
in the chromaffin granule membrane. Biochem. Biophys. Res. 
Commun. 134:736-743. 

31 Pellman, D., E. A. Garber, F. R. Cross, and H. Hanafusa. 1985. 
Fine structural mapping of a critical NFL-terminal region of 
p60 $rc . Proc. Natl. Acad. Sci. USA 82:1623-1628. 

32 Pellman, D. t E. A. Garber, F. R. Cross, and H. Hanafusa. 1985. 
An N-tcrminal peptide from p60 src can direct myristylation and 
plasma membrane localization when fused to heterologous 
proteins. Nature (London) 314:374-377. 

33 Rendu, F., M. Lebret, S. Danielian, R. Fagard, S. Levy- 
Toledano, and S. Fischer. 1989. High pp60-src level in human 
platelet dense bodies. Blood 73:1545-1551. 

34. Resh, M. D. 1988. Reconstitution of the Rous sarcoma virus 
transforming protein pp60 V Jrc into phospholipid vesicles. Mol. 



Cell. Biol. 8:1896-1905. 
35. Resh, M. D. 1989. Specific and saturable binding of pp60 l "" r to 
plasma membranes: evidence for a myristvl-jrr receptor. Cell 
58:281-286. 

36 Resh, M. D., and R. L. Erikson. 1985 Highly specific antibody 
to Rous sarcoma virus sre gene product recognizes a novel 
population of pp60 V J ' < and pp60 C J " molecules. J. Cell Biol. 
100:409-418. 

37. Rohrschneider, L. R. 1980. Adhesion plaques of Rous sarcoma 
virus-transformed cells contain the sre gene product. Proc. 
Natl. Acad. Sci. USA 77:3514-3518. 

38 Rudd, C. E-, J. M. Trevillyan, J. D. Dasgupta, L. L. Wong, and 
S. F. Schlossman. 1988. The CD4 receptor is complexed in 
detergent lysates to a prolein-tyrosme kinase (pp58) from hu- 
man T lymphocytes. Proc. Natl. Acad. Sci. USA 85:5190-5194. 

39. Schultz, A. M., L. E. Henderson, S. Oroszlan, E. A. Garber, and 
H. Hanafusa. 1985. Amino terminal myristylation of the protein 
kinase p60jrc, a retroviral transforming protein. Science 227: 
427-429. 

40 Schwartz, D. E., R. Tizard, and W. Gilbert. 1983. Nucleotide 
sequence of Rous sarcoma virus. Cell 32:853-869. 

41. Sobue, K., and K. Kanda. 1988. Localization of pp60 c "'"'"*" in 
growth cone of PC12 cells. Biochem. Biophys. Res. Commun. 
157:1383-1390. 

42. Veillette, A., M. A. Bookman, E. M. Horak, and J. B. Bolen. 

1988. The CD4 and CD8 cell surface antigens are associated 
with the internal membrane tyrosine-protein kinase p56 /ci . Cell 
55:301-308. 

43. Veillette, A., M. A. Bookman, E. M. Horak, L. E. Samelson, and 
J. B. Bolen. 1989. Signal transduction through the CD4 receptor 
involves the activation of the internal membrane tyrosine- 
protein kinase p56 /ri . Nature (London) 338:257-259. 

44. Wilfingham, M. C, G. Jay, and I. Pastan. 1979. Localization of 
the ASV sre gene product to the plasma membrane of trans- 
formed cells by electron microscopic immunocylochemistrv. 
Cell 18:125-134. 




U.S. Serial No. 09/214,913 Attorney Docket No. 37945-0005 



EXHIBIT-4: 



Buss etal. Mol. Cell. Biol. 1984, 4:2697-2704. 



6 




Molecular and Cellular Biology, Dec. 1984, p. 2697-2704 
0270-7306/84/122697-08$02.00/0 

Copyright © 1984, American Society for Microbiology 



Vol. 4, No. 12 



Myristic Acid Is Attached to the Transforming Protein of Rous 
Sarcoma Virus During or Immediately After Synthesis and Is Present 
in Both Soluble and Membrane-Bound Forms of the Protein 
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Myristic acid, a minor component of cellular fatty acids, has been shown previously to be covalentiy bound to 
most molecules of p60 Jrr , the transforming protein of Rous sarcoma virus. We have now determined at what 
time during the life cycle of p6(r r " r , and where within the cell, this lipid becomes attached to the protein. p6(r" nc 
was found to acquire myristic acid at only one time, during or immediately after its synthesis. p60 J " r is known to 
be synthesized on free polysomes and appears at the cytoplasmic face of the plasma membrane after a lag of 10 
min. The addition of myristic acid to p60 jrc therefore precedes the binding of the protein to the plasma 
membrane. The lipid attached to p6tf rc is a permanent, metabolicaliy stable part of the protein; we found no 
evidence for turnover of the myristyl moiety. However, we did find myristate attached to various soluble forms 
of p60 Jrc and to a large number of cytosolic cellular proteins as well. This demonstrates that the attachment of 
myristic acid to a protein is not in itself sufficient to convert a soluble protein into a membrane-bound protein. 



p60 jrr , the transforming protein of Rous sarcoma virus 
(RSV) (5) is a protein kinase which phosphorylates tyrosine 
residues in substrate proteins (7, 16, 22). poCK^ undergoes an 
unusual form of protein modification: the 14-carbon saturat- 
ed fatty acid, myristic acid, is covalentiy attached to its 
amino terminus (39; J. E. Buss and B. M. Sefton, J. Virol., 
in press). In these studies we have characterised the time 
and intracellular location of myristic acid addition to p60 mr 
and analyzed the effect of temperature-sensitive mutations 
on this process. 

Although few studies have examined the biochemistry of 
fatty acylation of proteins, two different types of modifica- 
tion are known to occur. The 16-carbon saturated fatty acid, 
palmitic acid, has been shown to be present in a variety of 
membrane-associated proteins. These include the transferrin 
receptor (24); pll ras ', the transforming protein of Harvey 
murine sarcoma virus (39); and the El and E2 glycoproteins 
of Sindbis virus and the G glycoprotein of vesicular stomati- 
tis virus (31, 32). The palmityl group is attached to these 
proteins via ester bonds to cysteine (30) or possibly serine 
residues (32). The addition of ester-linked palmitate is clear- 
ly a posttranslational event. The fatty acid is added to viral 
gjycoproteins m The Golgi apparatus ca. 20 min after their 
synthesis (33), and only the mature forms of p21 raT and the 
transferrin receptor contain palmitic acid (25, 39). 

Only five identified proteins are known to contain a 
covalentiy attached myristic acid. These are the cellular and 
viral forms of p60 Jrc (Buss and Sefton, in press), the catalytic 
subunit of the cyclic AMP-dependent protein kinase (6), the 
protein phosphatase, calcineurin B (1), the T-cell-specific 
p56 protein from LSTRA cells (41), and proteins which 
contain the pl5 gas protein of mammalian retroviruses (15, 
35). This last group includes the unglycosylated forms of a 
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the polypeptide or where within the cell myristic acid 
becomes attached to these proteins. 

Shortly after synthesis on free polyribosomes (21, 29), 
p60 src forms a complex with two cellular proteins (3, 4, 8): a 
90,000-dalton phosphoprotein (hsp90) whose synthesis is 
increased by stress (26) and a 50,000-dalton phosphoprotein 
(p50) which contains both phosphoserine and phosphotyro- 
sine (2, 3, 14, 16, 27). Courtneidge and Bishop (8) and Brugge 
et al. (4) have suggested that this complex may act as a 
system to transport newly synthesized p60* rc to the plasma 
membrane where the majority of the p6(r irc molecules reside 
(9, 19, 20). We have examined how soon after synthesis the 
myristyl group is added to p60 jrc in two ways. First, we have 
determined whether the p60 jrc found in the complex with 
hsp90 and p50 contains myristic acid. Second, we have 
measured the effect of the inhibition of protein synthesis on 
the incorporation of [ 3 H]myristic acid into the protein. We 
also have investigated the half-life of the myristyl moiety of 
p6(f rc to determine whether myristylation is a reversible 
phenomenon. 

The amount of lipid in the temperature-sensitive p60 src 
protein of r^NY68 has been reported to be decreased signifi- 
cantly at the nonpermissive temperature (13). These studies, 
however, used [ HJpalmitic acid to quantify the amount of 
fatty acid in p60 jrc . Since all of the 3 H incorporation into 
p60 J ' c from [ 3 H]palmitic acid appears to result from catabo- 
lism of the palmitate to myristic acid (Buss and Sefton, in 
press), we have reexamined the effect of temperature-sensi- 
tive mutations on the addition of lipid to p60 jrc with [ 3 H]my- 
nstic acid as the biosynthetic precursor. 

We initially suggested that the lipid bound to p60 src might 
help anchor the protein to the cytoplasmic face of the plasma 
membrane (39). This idea was supported by the report that 
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mynstic acid to a protein thus does not induce an irreversible 
association of the protein with cell membranes. 

MATERIALS AND METHODS 

Cells and viruses. Chicken embryo cell cultures were 
prepared and infected with Schmidt-Ruppm RSV suberoun 
D (SR-RSV-D); with SR-RSV, subgroup A (SR-RSV-A) 
with a mutant virus derived from SR-RSV-A, /jNY68 (17)' 
which is temperature sensitive for transformation; or with a 
temperature-sensitive mutant of Prague RSV-A, tsLA~>9 
(42), as described previously (37). Cells infected 'with SR- 
RSV-D were maintained at 41°C and subcultured the day 
before use in the Dulbecco-Vogt modification of Eagle 
medium supplemented with 2% tryptose phosphate broth 
and 4% calf serum. Cells infected with SR-RSV-A tsNY6S 
or r*LA29 were maintained at 37°C for 3 days, at which time 
ca. 50%> of the wild-type RSV-infected cells were morpho- 
logically transformed. Infected cells were then subcultured 
and allowed to grow for 2 more days at either 35 or 41°C in 
the same medium as the cells infected with SR-RSV-D 

Labeling with [ 3 H]palmitic acid, [ 3 H]myristic acid, and 
t Slmethionme. 9,10-[ 3 H]palmitic acid (23.5 Ci/m 

M^ g n a £ d , Nuclear Cor P"> in toluene or 9,10-[ 3 H]mynstic acid 
(12.9 Ci/mmol, New England Nuclear Corp.) in ethanol was 
dried and dissolved in dimethyl sulfoxide as described 
prevK>usly (39). The complete medium for labeling with fatty 
acids consisted of the Dulbecco-Vogt modified Eagle medi- 
um, 10% calf serum, 5 mM sodium pyruvate, nonessential 
ammo acids, 1% dimethyl sulfoxide, and the indicated 
amounts of fatty acid. Cells were labeled with 0.1 mCi of 
I Slmethiomne per ml in methionine-free Dulbecco-Vogt 
modified Eagle medium containing 10% dialyzed calf serum 
Labeling was for 2 h at 41°C in the case of SR-RSV-D 
infected cells or for 2 h at 35 or 41°C as indicated in the case 
of cells infected with SR-RSV-A or mutant viruses 

Treatment with cycloheximide. Cells were treated with 
cycloheximide by replacement of their growth medium with 
tresh medium containing 20 Ltg of cycloheximide per ml 
Control cultures also received fresh medium. The treated 
cells were then labeled for 2 h in radioactive medium which 
contained cycloheximide. 

p/pTrr^? 12110 " and SDS " PA GE. Lysis of cells in 
buQer and immunoprecipitation with rabbit anti-RSV 
tumor sera were as described previously (36). For analysis of 
c f 11 Protein, cultures labeled with [ 3 H]myristic acid or 
[ Hjpalmitic acid were dissolved by adding electrophoresis 
sample buffer directly to a washed cell monolayer Samples 
were transferred to tubes, boiled for 1 mm. and then passed 
through a 27-gauge needle to shear cellular DNA All sam- 
ples were analyzed by electrophoresis on 1S% polvacrvl- 
amide gels (37). J y 

Sedimentation analysis of P 6<T'. For glycerol gradient 
analysis, 10 cells were lysed in 200 lU of Nonidet P-40 (NP- 
40) buffer (37) (1% NP-40, 0.15 M NaCl, 10 mM sodium 
phosphate [ P H 7.21, 2 mM EDTA. 1% Trasylol) The lysate 
was clarified by centnfugation at 20.000 x g for 30 mm and 
layered onto a 2.4-ml gradient of 5 to 20% glycerol in NP-40 
buffer formed on top of 0.25 ml of 50% glycerol in NP-40 
butler. Centnfugation was for 19 h at 40,000 rpm (ISO 000 > 
t.0 at 4°C in :\ F>> — -.r> 9\V^^ 1 - n .. i. ■ 
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containing 5 mM KC1, 1 mM MgCU, and 20 mM Pippo 
[piperazme-/V\/V'-bis(2-ethanesulfonic acid)] ( P H 7 0) *Z 

ro? tk 30 Str ° keS in 3 li « h «- fi «ing bounce homogenS 
(9) The lysate was adjusted to 0.1 M NaCl (19), and soluble 
and particulate fractions were prepared directly from the ceM 
S "ntrifugation in Beckman Ultraclear tubes a 
100,000 x g for 30 min at 4°C. 

Fluorography and quantification of radioactive proteins 
Po yacrylamide gels were impregnated with diphenyloxa 
— 7n°p Tk ' a , nd exposed to Presens.tized X-ray film at 
70 C. The relative amount of P 60*~ in separate lanes of the 
gel was quantified by scanning films with a Quick-Scan 
densitometer (Helena Laboratories) and calculating peak 
areas from the integrator tracings. For proteins labeled with 
I HJpalmitic acid in the presence or absence of cyclohexi 
rmde, scans of entire gel channels were cut from the chart 
paper and weighed. [ 3 H)mynstic ac.d and [ 35 S]methionine 
incorporation into P 60<~ from wNY68 cells was determined 
by excising pieces of the dried, d.phenyloxazole-impregnat- 
ed po lyacrylam.de gel and counting them directly in 3a70B 
scintillation fiu.d (Research Products International Corp.). 

RESULTS 

p60"* in the complex with hsp90 and pSO cellular proteins 
contains myristic acid. Chicken cells transformed with SR- 
RSV-A and grown at 41°C were labeled for 2 h with either 
[HJmynst.c acid or [ 35 S]methionine and fractionated by 
glycerol gradient sedimentation. p60" c was recovered from 
each gradient fraction by immunoprecipitation (Fie 1) A 
total of 65% of the ["^methionine labeled p60- sedimenJ 
ed as a monomer (fractions 12 to 14); 35% was present in a 
more rapidly segmenting complex with hsp90 and P 50 
(fractions 7 to 8). [ 3 H]mynstic acid-labeled p60^ isolated by 
immunoprecipitation was distributed in exactly the same 
manner: 69% as a monomer and 31% in the complex. Neither 
nsp90 nor P 50 contained myristate. Immunoprecipitation 
with this rabbit anti-RSV tumor serum detects -25% of the 
F>60 present in a cell lysate (Buss and Sefton, in press) So 
tew proteins contain myristic acid that p60 J ~ also can be 
identified d lr ectly in cell lysates without immunoprecipita- 
non (Buss and Sefton, in press). To ensure that we were not 
looking at a restricted subpopulation of p60 src we also 
examined the sedimentation properties of the total popula- 
tion of [ H mynstic acid-labeled p60*~ directly by sodium 
s A u 'fate-polyacrylamide gel electrophoresis (SDS- 
P £2? A A t ° taJ J of 61% of the f'HJmynstic acid-labeled 
p60 sedimented as a monomer, and 39% was found in the 
high-molecular-weight complex. Both procedures thus show 
that the soluble, complex-bound form of P 6(T rr contains 
mynstic acid and suggest that mynstvlation of p60 J ~ occurs 
during or before formation of the complex. 

Addition of myristic acid to p60*~ occurs rapidly and 
requires continuing protein synthesis. Because newlv synthe- 
sized p60* rr is found exclusively in the soluble complex with 
hsp90 and p50 and only later associates with cellular mem- 
branes, the presence of a myristyl group attached to p6(r" r in 
the complex raised the possibility that mvnstic acid was 
added to the protein before its initial interaction with mem- 
branes. The time of addition of myristic acid to p60 J ' r was 
therefore examined bv a second method Wp inhibit.-, i ,i„. 
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FIG. 1. [>H]myristic acid-labeled p60" is present in the complex with hsp90 and p50. SR-RSV-A-infccted chickcr - eli ^ ^ e Jf^f 4 f°^ 
u os^LJhiLin* nr fJHlmvriuic acid. Cells were lvsed in NP-40 buffer, and the lysates were sedimented at 150,000 x g for 19 h at 4 C m 
mdients of 7to 20% glycerol in NP-40 buffer. Proteins immunoprecipitated from gradient fractions with antitumor serum were anaiyzeci oy 
IDS-PAGE and visualised by fluorography. Gradient fractions from the [>H]mynst>c acid-labeled cells were also ^^f^^ 
without immunoprecipitation. Exposure time was 6 h for P 5 S]methiomne-labeled proteins, 4 days for [ 3 H]mynstic acid-labeled immu ^pre- 
cipitated proteins, and 12 days for totaJ [ 3 H]mynst,c acid-labeled proteins. hs P 90 and p50 are indicated with arrows. The direction of 
sedimentation was from nght to left and is indicated at the bottom of the figure. Fraction numbers are indicated 

A, Immunoprecipitated proteins from [ 35 S]methiomne-labeled cells; B, immunoprecipitated proteins from [ H]mynstic ac.d-labeled cells, C, 
total pHlmynslic acid-labeled proteins. 



untreated cells (Fig. 2). The lack of protein myristylation in 
the presence of cycloheximide was not due to-inhibition of 
uptake or activation of myristic acid, for the amount of 
[ 3 H]myristic acid incorporated into phosphatidylcholine was 
the same for treated and control cultures (data not shown). 
To measure more precisely how soon myristylation occurs 
after the release of p60* rc from the polysome, we decreased 
the time of pretreatment of the cells with cycloheximide. 
Even when cycloheximide and ( 3 H]mynstic acid were added 
to the cells simultaneously, the incorporation of [ 3 H]myristic 
acid into p60 5rc and all but three other cellular proteins was 
abolished (Fig. 2). An immediate cessation of myristate 
incorporation into protein also occurred in cells treated with 
emetine (data not shown). p6(T c molecules synthesized 
before the addition of the cycloheximide did not incorporate 
[• Hjmynstic acid. Myristylation thus appears to occur only 
during' or immediately after synthesis of the polypeptide for 
P 60^ and the large majority of cellular myristic acid- 
contammg proteins. 

In contrast to the nearly total inhibition of protein myris- 
tylation, the attachment of palmitic acid to cellular proteins 
was less affected by cycloheximide (Fig. 2). Densitometry 
analysis indicated that exposure to cycloheximide for 20 min 
decreased the total incorporation of [ 3 H]palmitic acid into 
the cellular proteins resolved on our gels by 75%. The 
labeling of at least three minor proteins with molecular 
weights between 30.000 and 46.000 was unaffected by cyclo- 
heximide. When [ 3 H]palmitic acid was added simultaneously 



not replaced. To examine the stability of the mynstyl group 
of p60 Jrr in another way, we measured the half-life of 
[ 3 H]myristic acid-labeled p60 Jrc . Cells were labeled with 
[ 3 H]myristic acid or [ 35 S]methionine for 2 h and then incu- 
bated in nonradioactive medium for 3, 6, 10, or 22 h (Fig. 3). 
The amount of [ 35 S]methionine-labeled p6CT f decreased by 
24% in 3 h and by 98% in 22 h. The polypeptide chain of 
p60 srr was therefore degraded with a half-life of ca. 7 h, in 
agreement with previous results (38). The amount of 
[ 3 H]myristic acid-labeled p60 jrc decreased by 28% in 3 h and 
by more than 95% in 22 h. The half-life of the myristate in 
p6Xr~ rf thus appeared to be the same as the half-life of the 
protein itself. Because it is difficult to dilute the intracellular 
pool of radioactive lipids rapidly, continued incorporation of 
[ 3 H]myristic acid dunng the chase could potentially mask 
the loss of the mynstyl moiety. Because the amount of 
[ 3 H]myristic acid in p60" r did, however, decrease substan- 
tially within the first 3 h, the extent of continued incorpo- 
ration of [ 3 H]mynstic acid after initiation of the chase would 
appear to be small. The mynstyl group is therefore as 
metabolically stable as the polypeptide backbone of the 
p60 jrc protein. 

Soluble cytoplasmic proteins can contain myristic acid. 

Both newly synthesized p60 J ' c and the population of p60^ rc in 
the complex with hsp90 and p50 are reported to be cytosolic 
and, as shown above, to contain myrisfic acid. This suggest- 
ed that it should also be possible to detect, by conventional 
cell fractionation procedures, soluble forms of p60' rr which 
■-onrrun mvristic ncid Trm ox peri men! is difficult to perform 
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FIG. 2. Effect of cycloheximide on incorporation of [ 3 H]myristic 
acid and [ 3 H]palmitate into cellular proteins. SR-RSV-D-infected 
chicken cells were pretreated for the indicated times with 20 u.g of 
cycloheximide per ml and then labeled in the continued presence of 
cycloheximide for 2 h with either [ 3 H]myristic acid or [ 3 H]palmitic 
acid. Cells were lysed directly in electrophoresis sample buffer, and 
samples containing 10 5 cells were analyzed by SDS-PAGE. Fluoro- 
graphic exposure was for 14 days. p6(y rc is marked by an arrow, and 
the three proteins whose labeling with [ 3 H]pahnitic acid was unaf- 
fected by cycloheximide are indicated. Lanes: 1, [ 3 H]myristic acid- 
labeled cells with no cycloheximide; 2, [ 3 H]myristic acid-labeled 
cells with cycloheximide and [ 3 H]mynstic acid added simultaneous- 
ly; 3, [ 3 H]myristic acid-labeled ceils with 5 min of pretreatment with 
cycloheximide; 4, [ 3 H]myristic acid-labeled tells with 20 min of 
pretreatment with cycloheximide; 5, [ 3 H]palmitic acid-labeled cells 
with no cycloheximide; 6 T [ 3 H]palmitic acid-labeled cells with 20 
mm of pretreatment with cycloheximide. 

chicken cells were labeled with ["Hjmynstic acid and lysed 
in hypotonic buffer, and p60* rr was isolated from particulate 
and soluble fractions generated by high-speed centrifuga- 
tion. [ 3 H]myristate-labeled cell lysates were examined di- 
rectly to ensure analysis of the entire population of p6<y rc . 
Thirty-six percent of the [ 3 H]myristic acid-containing p60 vrrc 
molecules were found in the cytosol (Fig. 4). This demon- 
strates, in a more traditional manner, that mynstic acid- 
modified p60 jrr can be cytosolic. The solubility of myristyl- 
ated p(y(y rc is not a unique property of the p60 Jrr proteins 
n c od c d by t e m r e r ;i f u r e - ^ e n s 1 1 i v c mutant v i n i s e <; We also 
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FIG. 3. Comparison of the turnover of p60* rc labeled with 
[ 3 H]mynstic acid or [ 35 S]methiomne. SR-RSV-D-infected chicken 
cells were labeled for 2 h with [ 3 H]myristic acid or [ 35 S]methionine 
and then chased for 3 or 6 h in nonradioactive medium containing 
0.18 mg of myristic acid (P-L Biochemicals, Inc ) per ml. Nonradio- 
active medium without the added myristic acid was then added to 
the plates used for the 10- and 22-h time points to prevent excessive 
accumulation of fatty acid. p6C rc was immunoprecipitated with an 
excess of rabbit antitumor serum and analyzed by SDS-PAGE. The 
number of cells m both [ 3 H]myristic acid- and [ 35 S]methionine- 
labeled cultures doubled during the 24-h chase. The tracks contain- 
ing the [ 3 H]mynstic acid-labeled proteins were exposed for 5 days. 
The tracks containing the [ 35 S]methionine-labeled proteins were 
exposed for 1 day Lanes 1, cells labeled with [ 3 H]myristic acid for 
2 h; 2, [ 3 H]myrisuc acid-labeled cells with a 3-h chase; 3, [ 3 H]myns- 
tic acid-labeled cells with a 6-h chase; 4, [ 3 H]myristic acid-labeled 
cells with a 10-h chase; 5, [ 3 H]myristic acid-labeled cells with a 22-h 
chase; 6, cells labeled with [ 35 S]methionine for 2 h; 7, [ 35 S]methio- 
nine-labeled cells with a 3 h chase; 8, [ 35 S]methionine labeled cells 
with a 6-h chase; 9, [ 35 S jmethionme-labeled cells with a 10-h chase; 
10, [ 3 ~S]rnethionme-labeled cells with a 22-h chase. 



half could also be detected in the cytosolic fraction, and 
almost a third of the proteins were in fact more abundant in 
the soluble fraction than in the particulate fraction. Myristyl- 
ated proteins are therefore not restricted to cellular mem- 
branes. 

Mvristvlation of mut;int p60 src not temperature sensitive. 



Know o, incorporated into poo' ono* alle: jaiamniMn ^ 
['H'mvnstic a:id (Bus 1 , and Sefton. in proo! We have no* 
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FIG 4 [ 3 H]myristic acid-labeled proteins in soluble and particu- 
late fractions. Chicken cells transformed by /*LA29 and grown at 
the permissive temperature (35°C) were labeled for 2 h with 
[ 3 H]myristic acid and homogenized and fractionated as described in 
the text Fluorographic exposure was for 30 days. p6(T rc is indicated 
W1 th an arrow. Lanes: T, unfractionated cell lysate; P, particulate 
fraction; S, soluble proteins. 



examined whether the labeling of the mutant B rotein with 
[ 3 H]mynstic acid was affected by temperature. Chicken cells 
infected with either fjNY68 or the parental wild-type virus 
SR-RSV-A were labeled for 2 h with [ 35 S]methiomne or 
[ 3 H]myristic acid, and p60* rc was isolated by immunoprecipi- 
tation with an excess of antitumor serum (Fig. 5). Because 
mynstic acid appears to be added to P 6(T C immediately after 
the protein is synthesized (see above), comparison of the 
[ 35 S]methionine and [ 3 H]mynstic acid incorporated into 
p60 irc during this time will reveal accurately the extent to 
which p60* rc becomes mynstylated at the two temperatures. 
Because of the different growth rates of transformed and 
nontransformed cells and of cells grown at 35 and 41°C, the 
number of cells and therefore the amount of p60 jrc in the 
various cultures differed. The amount of [ 3 H]mynstic acid- 
1-ibeled p60* rc however, varied in parallel with the amount of 
r 3? S]methionine-labeled p6(T c (Table 1). The relative incor- 
poration of [ 3 H]mynstic acid into the mutant p60" c was not 
significantly different at 35 or 41°C and was, if anything 
greater at 41 than at 35°C. The efficient incorporation of 
f 3 H]myristic acid into the mutant p60*' c at both 35 and 41°C 
was also apparent when [ 3 H]mynstic acid-labeled lysates 
were analyzed directly (Fig. 5). The presence of [ 3 Hlmynstic 
acid in p60 5rc at the nonpermissive temperature was not due 
to leakiness of the mutant-infected cells. The /5NY68-infect- 
ed cultures were completely transformed at 35°C but were 
morphologically normal at 41°C. Analysis of rates of 2- 
.. '. • i .. v ,. A .. ; o rh^ ' N'Y' ^ infected cH'v 
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FIG 5 [ 3 Hlmyristic acid incorporation into p60" c of rsNY68. 
Chicken cells infected with r.NY68 or SR-RSV-A were grown at 35 
or 41°C as described m the text and labeled for 2 h with [ 3 Hlmynstic 
acid or [ 35 Slmethionine. Immunoprecipitates were formed with 
antitumor serum and were resuspended in 50 of electrophoresis 
sample buffer. Proteins contained in 5 of [ 35 Slmethionine-labeled 
immunoprecipitates or in 20 u-1 of [ 3 H]mynstic acid-labeled immuno- 
precipitates were separated by SDS-PAGE and visualized by fluo- 
rography. Exposure for the p 5 S]methionine-labeled proteins was 1 
day Exposure of the immunoprecipitated [ 3 H]mynstic acid-labeled 
proteins was for 1 day. The [ 3 H]mynstic acid-labeled lysates were 
exposed for 5 days. Lanes: 1, [ 35 S]methionine-labe led o ells, 
tsNY<& 35°C- 2, [ 35 S]methJomne-labeled cells, /jNY68, 41 L,, 3, 
[ 35 Slmethionine-labeled cells, SR-RSV-A, 35°C; 4, l"S]methiomne- 
labeled cells, SR-RSV-A. 41°C; 5, [ 3 H]mynstic acid-Ubclcd cells, 
/JNY68 3VC; 6, [ 3 H]myristic acid-labeled cells, /jNY68 ( 41 U; /, 
[ 3 H]mynshc acid-labeled cells, SR-RSV-A, 35°C; 8, [ 3 H]mynstic 
acid-labeled ceUs, SR-RSV-A, 41°C; 9, total lysate from H myns- 
tic acid-labeled cells, «NY68. 35°C; 10, total lysate from [ h myns- 
tic acid-labeled cells, r*NY68, 41°C; 11, total lysate from [H]myris- 
tic acid-labeled cells, SR-RSV-A, 35°C; 12, total lysate from 
[ 3 H]myristic acid-labeled cells, SR-RSV-A. 41°C. 



the amount of lipid in P 60 trr from either virus was slightly 

greater at 41 than at 35°C (Table 1). 

T i i ti t tu- V- ii^fiin^ n^nnH failed to reveal 

It was possible that the ^-h ia^c.m t K ^ .c- - 

steadv-state differences in acylation of the mutant P 60 at 
^ and 41°C We have examined this question by labeling 
rsNY68-infected cells for 18 h with [ 3 H]palmitic add. Here 
too we could detect no decrease m the lipid content ot the 
P 6(T r protein of ^NY68 at the nonpermissive temperature 
(Table 1). 

DISCUSSION 

We have found here that myristic acid is added to P 6V rc in 
The cvto.ol before the deposition of the protein in mem- 



p.uent. PR-RSV-A. at both trie permissive anc. rcstru 
temperatures. When labeled with [ 'H jpalmit u acid tor 



- iUi r^p 1 -* 1 .t.'.C p.-o, .,;e l 

mediate the movement ot 
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TABLE 1. Lack of effect of temperature on incorporation of lipid into temperature-sensitive forms of pW rc 



Temp 

( 8 C) 



Labeling 
time (h) 



[ 3 H]mynstJC 
acid (cpmr 



["SJmethiorune 
(cpmr 



/jNY68 


35 


~> 


294 


272 




41 


2 


596 


452 


SR-RSV-A 


35 


2 


125 


81 




41 


"> 


271 


292 


/jLA29 


35 


-> 








41 


-> 






PR-RSV-A 


35 


-> 








41 


2 






/jNY68 


35 


18 








41 


18 






SR-RSV-A 


35 


18 








41 


18 







Incorporation of. 



Myr/Mer* 



1.08 
1.32 



1.54 
0.94 



i 3 H]paJmitic 
acid (peak 
area) 1 ^ 



["SJmcthioninc 
(peaic area)*' 



Palm/Met* 



37 


376 


0.10 


65 


484 


0.13 


13 


146 


0.09 


29 


224 


0.13 


16 


77 


0.21 


36 


125 


0.29 


37 


36 


1.04 


65 


86 


0.76 



cp ^" b ;^ ° f thC ^^'P^ny'^azole-imprcgnatcd polyacrylam.de gel (Fig. 5) were counted d.rectiy m scintillation fluid. A hack, 

* Myr/Met. [ J H]myristic acid/[ 35 SJmethionine; Palm/Met, { 3 H]pa!mitic acid/( 55 S]methionine. 
r Arbitrary units from densitometry scans of fiuorograms similar to Fig. 5. 
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brane (4, 8), already contains myristic acid. Somewhat 
similar observations have also been made by Cross and 
colleagues (10). 

Although we have not yet determined whether mynstic 
acid is added during or immediately after the synthesis of the 
protein, we favor the idea that myristylation is a cotransla- 
tional process, as is the case for the acetylation of amino 
termini (11, 23, 28), and that the nascent polypeptide chain is 
the substrate of the myristyi transferase. It is quite possible, 
in fact, that nascent chains are the only substrates of N- 
terminal myristyi transferases. Inhibition of protein synthe- 
sis with cycloheximide halted the incorporation of myristic 
acid completely. This suggested that mynstic acid groups do 
not undergo turnover. Pulse-chase analysis demonstrated 
directly that this is indeed the case for p60" rrc . We suggest 
that myristylation is a permanent form of protein modifica- 
tion which occurs as the nascent polypeptide emerges from 
the polysome. 

We initially suggested that lipid was added to p60* rc to 
convert the protein from a soluble species to a membrane 
protein. Since it now appears that the addition of lipid to 
p60 src precedes the interaction of the protein with the plasma 
membrane, this idea, at least in its simplest form, is clearly 
incomplete. What then is the function of the myristyi moiety 
in p60 5 ' r ? There is still good reason to think that it may help 
anchor the protein to cellular membranes. Cross et al. (10) 
and Garber and colleagues (13) have shown that a number of 
variants of p60* rc which do not contain mynstic acid bind 
poorly to membranes and also do not cause cellular transfor- 
mation. This suggests that the presence of myristate may in 
fact be essential for membrane binding and that the presence 
of the mynstyl moiety in p60" c may be indispensible for 
transformation. Nevertheless, the presence of mynstic acid 



The existence of soluble forms of pW c which contain 
mynstic acid was not unanticipated. A number of other 
cellular proteins which contain myristic acid, including the 
catalytic subunit of the cyclic AMP-dependent protein ki- 
nase and calcineurin B, are found predominantly in the 
cyto J c ° l < Fi g- 4 ; 6 > 18 )- Myristylated proteins, including 
p60 Jrc , thus are not invariably attached to the lipid bilayer. 
The mynstyl group may have an additional function, quite 
unrelated to increasing the affinity of a protein for a lipid 
bilayer. 

It is now clear that eucaryotic proteins undergo two very 
different forms of fatty acylation. Myristic acid is linked 
through an amide bond to the alpha-amino group of an 
ammo-terminal glycine residue of p60* rc and a small number 
of other proteins (1, 6, 34). The mynstylation of N-termini 
appears to occur very early in the life of a protein and may 
well take place before completion of the synthesis of the 
polypeptide. In the case of p60* rc , the mynstyl group appears 
to be metabolically stable and not to undergo turnover. The 
enzyme(s) which attaches fatty acids to amino-terminal 
glycines in general exhibits a strict specificity for mvristic 
acid. Even when [ 3 H]palmitic acid is used to label p60 W , all 
of the inefficient labeling which is observed (39; Buss and 
Sefton, in press) reflects incorporation of [ 3 H]myristtc acid 
ansing from metabolism of the [ 3 H]palmitic acid (Buss and 
Sefton, in press). Furthermore, where chemical analysis has 
been^ possible, ail of the fatty acid in the catalytic subunit, 
pl5* ag , and calcineurin has been found to be myristic acid (L 
6, 15). 

The modification of proteins with palmitic acid is a quite 
different process. Palmitic acid is not known to modify the 
ammo termini of proteins. Rather it is often linked through 
alkali-labile bonds to internal amino acids within domains 



M make p(><r'' insoluble in the 



! ' ''• 1 u - ■ v v ;e:ni;i, :j <>[ ;he protein ', i 

mitic acid appears to be attached to proteins oniv after their 
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release from the polysome. Several vtral glycop ote.ns ao 
auire palmitate in the Golgi apparatus after an obligatory lag 
Jp 0 min (33). Palm.tylation is also clearly posttranslaHonal 
for "vn L and the transfemn receptor (25, 39), because rt. is 
nresent only in the processed forms of these protems. The 
enzyme(s) wh.ch palmitylates prote.ns also appears to ut.l.ze 
e pS.c acid with some specific^. Chem.cal ana^sis ^ofthe 
G protein of vesicular stomatitis virus revealed that >80% ol 
the fatty acid present was palmitate (32). Finally, palmitate is 
not necessarily a permanent protein modification. The pal- 
m ,tyl moiety present in the transfemn receptor has been 
shown to undergo removal and replacement several times 
during the lifespan of the protein (25). 

We have not been able to confirm that temperature- 
sensitive p60"- c proteins, which are largely cytosolic (12). 
contain a reduced amount of fatty acid at the nonperm.ssive 
temperature (13). We found that the acylation of the P 6fr 
protems of both «NY68 and «LA29 viruses occurred equal- 
ly well at 35 or 41°C. In addition, the abundance of fatty acid 
at steady state in the P 60*~ prote.n of T5NY68 was identica 
. t ..l .i „„;^r.;w^ onH nnnnprmissive temperatures. It 

ill UOUl lilt, U^lHil^J*'^ — *- r - . 

seems clear that the decreased ability of the mutant proteins 
to bind to cellular membranes at the restrictive temperature 
is not due to an absence of fatty acid and that the presence of 
mynstic acid in P 6(T C cannot be used as a means by which to 
distinguish soluble from membrane-bound forms ot the en- 

^There is recent evidence that P 6(T C may phsophorylate 
phosphatidylinositol (40) as well as protein substrates. Since 
this phospholipid is confined to cellular membranes, binding 
to the plasma membrane could be important for the interac- 
tion of p6XT c with phosphatidylinositol. It is not unreason- 
able that the mynstyl moiety in p6<r c plays ^ role m this 
interaction. Elucidation of the role of myristate in the several 
possible enzymatic activities of p60*" should be facilitated 
greatly by site-directed mutations which prevent specifically 
the fatty acylation of the polypeptide. 
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